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ABSTRACT OF THE DISSERTATION 
ULTRAHIGH SPEED DIRECT PCR:  
A METHOD FOR OBTAINING Y-STR AND STR BASED GENOTYPES IN UNDER 
20 MINUTES 
by 
Georgiana Charlotte Gibson-Daw 
Florida International University, 2018 
Miami, Florida 
Professor Bruce McCord, Major Professor 
There are many situations in forensic DNA typing where the time it takes to identify an 
individual is critical. Examples include suspects under arrest and individuals detained at 
ports of entry. It is also important to identify victims quickly when dealing with mass 
disasters such as terrorist attacks, airplane crashes and natural disasters in order to notify 
families. The goal of this project was to develop an ultrafast method for screening saliva 
samples through the use of rapid direct PCR coupled to microfluidic separation and 
detection. 
Fast amplification was achieved through the use of high speed thermocyclers and the 
experimental optimization of PCR reactants and polymerases. High processivity mutant 
polymerases were tested at increased speeds along with PCR enhancers. Experimental 
optimizations and designs were used to ultimately achieve amplification of a 4 loci Y-STR 
multiplex in 12.5 minutes and a 7 loci STR multiplex in 6.5 minutes.   
ix 
 
The use of direct PCR not only decreases the overall time of sample processing through 
the elimination of the extraction, but also, by the removal of the extraction step cuts down 
on the possibility of contamination to the sample. By using inhibitor resistant fast 
polymerases such as Omnitaq, BSA and the PEC-1 enhancer, and optimizing cycling 
conditions, a direct PCR method was developed where amplification from diluted saliva 
was successfully achieved in 13.5 minutes. 
The products from these ultrafast amplifications can be coupled to a microfluidic chip for 
analysis. The electrophoretic system separates the PCR products and provides complete 
genotypes for both Y and autosomal STR multiplexes in 80 seconds. This permits complete 
sample processing in under 15 minutes for the rapid direct PCR protocol.  This screening 
method can exclude individuals who do not match evidentiary material and test evidence 
to see if it is be viable for full analysis. The result of this work was a reliable and robust 
method for the rapid genotyping of forensic samples which can be used in situations where 
rapid single sample DNA analysis is necessary. 
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CHAPTER I. FORENSIC DNA ANALYSIS    
A. History & Technology 
Forensic science is the application of science to the law.  Among its most important tenets 
is that of Edmond Locard which states that “every contact leaves a trace”. This tenet is true 
of both biological and non-biological evidence. Using scientific principles to help 
determine the details of a crime is not a new idea, as there are many examples of this 
happening in ancient history.  Among the most famous examples is that of Julius Caesar’s 
murder where it was determined that although he was stabbed a total of 23 times, only one 
of the stab wounds was fatal [Suetonius c.82, Greg 2006]. Another early example of 
forensic science is the Chinese book titled “His Duan Yu” translated as the “Washing away 
of Wrongs.” This book, written by Song Chi in 1248 AD, teaches of how to differentiate a 
death by drowning or strangulation [Bell, 2008]. These early accounts show that the 
application of logical reasoning to criminalistics was established many years ago.  
However, recent advances in science and technology have truly aided juries in solving 
crimes. These advances started to appear around the 1800s when Mathieu Orfila the “father 
of toxicology” developed a method for determining the presence of blood. Later that 
century Sir Francis Galton and Sir Edward Henry created a method for classifying and 
identifying individuals by their fingerprints and in the early 1900s Leone Lattes developed 
blood typing from dried bloodstains.   This was the first real step on the road towards DNA 
typing. However, it was not until the end of the century that the field of DNA profiling 
really evolved. In the early 1950s Erwin Chargraff published a series of papers detailing 
the different percentages of each of the 4 bases that make up DNA.   In this work, he 
showed these ratios to be ~30% each of Adenine (A) and Thymine (T) and ~20% each of 
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Cytosine (C) and Guanine (G) [Chargaff, 1950-51]. Chargaff’s work along with the efforts 
of Rosalind Franklin greatly aided Watson and Crick in their discovery of the double helix 
structure of DNA in 1953. They discovered that the A/T and CG interactions kept the two 
strands of the helix from dissociating and thus gave the structure its necessary stability 
[Watson and Crick 1953]. 
On March 19th, 1953, weeks before it was announced to the public, scientist Francis Crick 
excitedly wrote a letter to his son and told him of one of the most important scientific 
developments of modern times: his co-discovery of the "beautiful” structure of DNA, the 
molecule responsible for carrying the genetic instructions of living organisms; or, as Crick 
explained it to 12-year-old Michael, “the basic copying mechanism by which life comes 
from life". Although DNA was isolated back in the 1860s by Friedrich Miescher, its now 
famous double helix structure wasn't correctly modelled until the early 1950s by Crick and 
his colleague, James Watson, thanks in no small part to work already done by Maurice 
Wilkins, Rosalind Franklin and Raymond Gosling. In 1962, Crick, Watson and Wilkins 
were awarded the Nobel Prize for their efforts. 
In April 2013, this letter became the most expensive in history after being sold at auction 
for $5.3million. A copy follows: 
FRANCIS CRICK to MICHAEL CRICK – A MOST IMPORTANT DISCOVERY* 
My Dear Michael, March 19th, 1953 
 
Jim Watson and I have probably made a most important discovery. We built a 
model for the structure of dex-oxi-ribose-nucleic-acid (read it carefully) 
                                                          
* © Reproduced by kind permission of Shaun Usher from his book ‘Letters of Note’ and the Grandson of 
Francis Crick who wrote the original letter, also called Francis Crick. See APPENDICES – First & Second 
Copyright Permissions. 
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called D.N.A. for short. You may remember that the genes of the chromosomes 
—which carry the hereditary factors — are made up of protein and D.N.A. 
 
Our structure is very beautiful. D.N.A. can be thought of roughly as a very 
long chain with flat bits sticking out. The flat bits are called the “bases”. The 
formula is rather like this. 
 
Now we have two of these chains winding round each other — each one is a 
helix — and the chain, made up sugar and phosphorus, is on the outside, and 
the bases are all on the inside. I can’t draw it very well, but it looks like this. 
 
[Diagram of the double helix as taken from page 3 of the original letter] 
 
 
 
The model looks much nicer than this. 
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Now the exciting thing is that while there are 4 different bases, we find we can 
only put certain pairs of them together. The bases have names. They are 
Adenine, Guanine, Thymine & Cytosine. I will call them A, G, T and C. Now 
we find that the pairs we can make — which have one base from one chain 
joined to one base from another — are only 
 
 A with T 
 and  G with C. 
 
Now on one chain, as far as we can see, one can have the bases in any order, 
but if their order is fixed, then the order on the other chain is also fixed. For 
example, suppose the first chain goes ↓, then the second must go on 
 A------------------------------ T 
 T ------------------------------ A 
 C ------------------------------ G 
 A------------------------------ T 
 G------------------------------ A 
 T ------------------------------ A 
 T ------------------------------ A 
It is like a code. If you are given one set of letters you can write down the 
orders. 
Now we believe that the D.N. A. is a code. That is, the order of the bases (the 
letters) makes one gene different from another gene (just as one page of print 
is different from another). You can now see how Nature makes copies of the 
genes. Because if the two chains unwind into two separate chains, and if each 
chain then makes another chain come together on it, then because A always 
goes with T, and G with C, we shall get two copies where we had one before.  
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For example  
 
In others words we think we have found the basic copying mechanism by 
which life comes from life. The beauty of our model is that the shape of it is 
such that only these pairs can go together, though they could pair up in other 
ways if they were floating about freely. You can understand that we are very 
excited. We have to have a letter off to Nature in a day or so. 
Read this carefully so that you understand it. When you come home we will 
show you the model. 
Lots of love, Daddy  
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In 1984 Sir Alec Jeffreys made a discovery that would be the beginning of DNA typing 
methodology. Jeffreys discovered that the human genome contained a number of variable 
regions that contained repeat sequences that differ from one individual to the next. These 
regions were named Variable Number of Tandem Repeats (VNTRs). The differences in 
the number of length variations permitted discrimination of individuals, a process initially 
termed DNA fingerprinting [Jeffreys, 1985-1993]. The repetitive sequences were analysed 
using a method developed in 1980 by Arlene Wyman and Ray White [Wyman 1980], 
known as restriction fragment length polymorphism (RFLP).  The RFLP process was 
originally designed to detect single base variations in the human genome [Botstein 1980].  
Wyman discovered that DNA could be cut up into segments using restriction enzymes 
(endonucleases) harvested from bacteria, which cut the DNA at specific recognition sites. 
These fragments could then be separated by their sizes using agarose gel electrophoresis, 
in which smaller fragments move faster through the gel than the larger ones (Figure 1.1).  
Southern blotting was used to detect fragments in the gel by transferring them onto a nylon 
membrane and hybridizing them with radioactive (P32) probes containing sequences 
complementary to the desired fragments.   The radioactive phosphates probes were detected 
using radiographic film, resulting in a barcode like image (Figure 1.2) in which different 
patterns of bands in the resulting gel can be statistically analysed to permit 
individualization of human genotypes. [Butler 2009]. 
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Fig.1.1 Schematic of the VNTR/RFPL/Southern Blot process. DNA is extracted and fragmented using 
restriction enzymes, these fragments are then separated by gel electrophoresis. After electrophoresis, 
the fragments are transferred to a nylon membrane and a radioactive probe binds to its complimentary 
position. The membrane is then exposed to X-rays and fragments show up as dark bands on the film 
which can then be analysed and compared with the bands obtained from different evidentiary or 
reference samples. From https://liamdnafingerprinting.weebly.com/techniques-and-process.html 
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Fig.1.2 Example of what the barcode view of DNA fragments looks like. L indicates the ladder while 
U1-8 indicate unknown samples (crime scene samples from an unknown source).  A match occurs at 
that marker when two bands align with each other. All bands would have to match at each marker 
for two samples to be considered as coming from the same source. Image created by author. 
 
Dr. Jeffreys used the RFLP/Southern Blot process to analyse his VNTRs [Jeffreys 1985]. 
Originally, he used a restriction enzyme known as Hinf I, along with multi-locus probes to 
digest the DNA. These probes were made of sequences that were common for several 
different VNTR loci. This made interpretation complex and confusing, especially when 
there could have more than one contributor. To simplify analysis Dr. Jeffreys began to use 
single locus probes instead and he termed his method DNA fingerprinting [Jeffreys, 1985-
1993]. Jeffreys’s method was first used in a paternity case in 1985 to reunite an immigrant 
child with his family in England [Jeffreys 1993] and then in a most famous homicide case 
in 1986 [Wambaugh, 1995]. The case involved the rape and murder of two teenage girls in 
a small village in England. A suspect had confessed to one of the murders but not the other. 
His mental stability was dubious. There was a lack of evidence other than the DNA 
retrieved from the victims, so the police decided to use Jeffreys DNA fingerprinting 
method to test the DNA of everyone in the village and to compare it to the evidence found 
at the crime scene. After all the samples had been tested and compared, including that of 
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the suspect who had confessed, no matches were found. The police continued to search 
unsuccessfully for answers, until a man was heard boasting that he had submitted a DNA 
sample for a friend. When the police had the friend’s DNA tested, it was a positive match 
to the DNA from the crime scene and he was arrested and later convicted for both of the 
rapes and murder [Wambaugh, 1995]. This case proved the usefulness of the VNTR/RFLP 
method. However, although it was accurate and reproducible, it was also lengthy, labour 
intensive and needed harmful reagents and a relatively large amount of DNA [Butler 2009]. 
Around the same time that Dr. Jeffreys was implementing his DNA fingerprinting method, 
Kary Mullis theorized that if he could make more copies of the DNA it would be easier to 
analyse and extract information [Mullis 1990]. To do this he would use a set of two primers 
per segment (loci) of DNA he wanted copied. By using polymerases, nucleotides and the 
correct heating and cooling cycles he theorized these segments could be copied 
indefinitely. The developed method was called the Polymerase Chain Reaction (PCR) 
[Mullis 1987]. The Polymerase chain reaction (PCR) proved to be a sound method and was 
able to make millions of copies of the same DNA sequence leading to exponential increases 
to the amount of DNA that biologists had access to. The amount of DNA required for PCR 
was 0.5ng or less, rather than the 0.5µg or more previously needed for the VNTR/RFLP 
method [Butler 2005]. The PCR method when applied to the forensic field meant that 
scientists could get profiles from crime scene samples that previously would have been too 
degraded or not contained enough DNA to work by VNTR/RFLP. 
Initially new polymerase needed to be added after each denaturation step as the heat of this 
denaturing degraded the enzyme beyond functionality. This made the process laborious 
10 
 
[Mullis 1990]. However, the discovery of new polymerases that were thermally stable at 
high temperatures (ex. Thermus aquaticus, a.k.a Taq. Bacteria found in geothermal 
springs) rendered this step unnecessary [Innis 1999]. Further developments in polymerase 
technology led to what we now call “hot-start” polymerases. These are polymerases that 
are bound to a repressor molecule inhibiting their action. When the polymerase is heated 
to a certain temperature, this repressor separates from its substrate allowing the polymerase 
to activate and begin its function. The hot start mechanism helps to improve the specificity 
and efficiency of the reaction as it ensures that the polymerase does not start until the 
desired temperature has been reached and the primers have been annealed [Innis 1999, 
Butler 2009].  
The first PCR assay used to detect sequence variations in humans was the leukocyte antigen 
(HLA) locus, DQα1 marker. This area of the genome codes for the α-subunit of the DQ 
protein of the major histo-complex on chromosome 6 and it has a 242 bp region which has 
at least eight different known alleles [Sajantila 1991, Blake 1992]. As this PCR assay was 
being developed a new detection method was also being used, known as the “dot blot”, in 
which the DNA is bound to a substrate and a probe complementary to the desired sequence 
is hybridized to the target. Reagents were then added which caused a colour change at the 
location of the successfully hybridized probe [Sajantila 1991]. There were two problems 
with this initial assay. The first was that the results were difficult to interpret if the sample 
was not obtained from a single source. Secondly while the procedure was capable of 
analysing smaller amounts of DNA, its power of discrimination was low. To improve the 
discrimination power, more loci were added to the assay. The new assay was known as the 
AmpliType Polymarker kit. It included five extra polymorphic loci. These five extra 
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markers had two to four known alleles, and included: D7S8, haemoglobin gamma globin 
(HBGG), Gycophorin A (GYPA), low density lipoprotein receptor (LDLR) and a group 
specific component (GC) [Koblinsky 2004]. 
To improve discrimination power, an alternative PCR method was developed that detected 
length variations known as variable length tandem repeats (VNTRs). These were also 
known as amplified fragment length polymorphisms (AmpFLPs). One of the favoured 
AmpFLPs for forensic purposes was known as D1S80. It amplified a 432 bp region 
containing a 16 bp sequence that contained 23 alleles [Duncan 1997]. The PCR products 
were separated by size in an agarose gel and visualised using the intercalating agent 
ethidium bromide and UV light. The alleles observed were sized in comparison to an allelic 
ladder run in parallel with the samples and contained all of the known alleles for the studied 
locus.  
The discovery of Short Tandem Repeats (STRs) rendered previous methods obsolete, at 
least in forensics. The STRs or microsatellites were similar to VNTRs in that they included 
a region containing differing number of repeats in different individuals. However, while 
VNTRs have repeats of 8-100 bp [Butler 2009] in STRs, these STR repeat units are much 
shorter 2-7 bp [Butler 2007, Lins 1998]. A number of considerations are given for choosing 
STR markers to probe for forensic purposes and for protecting personal information of the 
individuals tested. First, only those from non-coding regions are used. Secondly, it is 
desirable that the STRs chosen, be short in sequence while having as many different alleles 
as possible.  Short sequences more readily amplify DNA, maximizing the number of alleles 
and enhancing the power of discrimination. Another benefit of STRs is that they can easily 
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be combined in multiplex assays. Commercial kits now contain up to 24 loci, saving time, 
labour and quantity of sample used, while significantly improving both sensitivity and 
power of discrimination (>1 in 106).  For these reasons the combination of STR, PCR and 
CE have replaced previous DNA fingerprinting methods and technologies in current crime 
laboratories. 
To use STR methodologies in conventional forensic laboratories it has become necessary 
for standardized guidelines to be produced and implemented. The National Research 
Council (NRC) was tasked with producing the procedural guidelines and developing 
statistical methods to be used when interpreting the resulting profiles, such as the random 
match probability (RMP) and the likelihood ratio (LR) [NRC 1996]. The FBI created a 
database of 13 core loci called the Combined DNA Index System (CODIS) in order to 
enhance cohesion and standardisation between the labs across the nation, as well as to aid 
in the sharing of information. The CODIS database was designed to include the profiles of 
criminals convicted of certain crimes as well as crime scene samples. This enabled searches 
between crime scene samples and individuals in the database (missing persons can be 
added to this database as well). Originally the 13 loci that for this core set were: CSF1PO, 
FGA, TH01, TPOX, VWA, D3S1358, D5S818, D7S820, D8S1179, D13S317, D16S539, 
D18S51, D21S11 and a sex marker, Amelogenin (Figure 1.3) [Butler 2005, Butler 2006]. 
These 13 loci gave a good power of discrimination (one in a trillion, except for identical 
twins [Hill 2012]) and they were validated extensively for the purpose of creating the 
CODIS database [Budowle 1999]. The sex marker Amelogenin presents a 6 bp difference 
in size between the X and Y chromosomes, which allows scientists to determine if a subject 
is a male or a female. Amelogenin can also be used to detect the presence of male/female 
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mixtures [Sullivan 1993, Mannucci 1994]. As genotyping technological advanced, 
additional loci were added to commercial kits (although the original 13 were usually 
preserved) [Collins 2004]. Eventually CODIS increased its core set to include: D1S1656, 
D2S441, D2S1338, D3S1358, D5S818, D7S820, D8S1179, D10S1248, D12S391, 
D13S317, D16S539, D18S51, D19S433, D21S11, D22S1045, CSF1PO, FGA, Penta D, 
Penta E, SE33, TH01, TPOX and vWA [Hares 2012-2015, Moretti 2016]. The addition of 
extra loci gave a higher power of discrimination, and assisted in the discrimination of close 
relatives. 
 
Fig.1.3 Original 13 loci included in CODIS in 1997. Adapted from http://strbase.nist.gov/fbicore.htm 
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The current method for separating and detecting the STRs copied by PCR is through 
capillary electrophoresis (CE). Capillary electrophoresis (CE) is similar to agarose gel 
electrophoresis but is much faster and has better resolution and sensitivity. STRs are 
separated by size and then different coloured dyes (which are attached to the forward 
primers at the 5’ end of the DNA strands) are used to allow loci of interest to be separated 
in the resulting profile without overlap. The CE instrument detects the dyes by exciting the 
molecules with a laser and capturing the emission wavelengths. The most common 
instruments used today in forensic laboratories today for STR DNA profiling are the 
Applied Biosystems (ABI), now Life Technologies, Genetic Analyzers. These are CE 
instruments that can be used with one capillary or with 16-capillary arrays. Recently, 
forensic laboratories have begun a transition from 5 dye systems 6 dye systems, allowing 
for the analysis of more multiplexed loci which leads to an increase in the power of 
discrimination. These new instruments also accommodate up to 24 capillaries, allowing for 
a further increase in throughput. 
Current work continues in an effort to add more loci and to develop faster methods of 
amplifying DNA, while maintaining the level current level of sensitivity and power of 
discrimination.  Massively parallel sequencing (MPS) methods can also detect STRs and 
may take the place of CE based analysis in the future. However, these techniques are slow 
and far more complex than the PCR/CE based methods. In particular, MPS procedures are 
slow and expensive when rapid single sample analysis is required. It is the goal of this 
thesis to demonstrate and extend the capability of high speed analysis of singles samples 
through the use of rapid and rapid direct PCR methods coupled to microfluidic 
electrophoresis separation and detection instruments. 
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B. DNA 
B.1. Introduction 
Although the cell was first discovered in 1665 by the English microscopyst Robert Hooke, 
it took almost a century before scientists began to theorize that this tiny molecule might be 
the basic unit of all life [Mazzarello, 1999]. The cell theory was validated as cells were 
found to be responsible for the activity and energy storage and use of the organism. 
Furthermore, they were found to contain, preserve and transmit hereditary information, 
which was passed down through independent replication and division of cells through the 
process of mitosis and meiosis. Deoxyribonucleic acid (DNA) stores all of the genetic 
material and information that make up living organisms. This genetic information is stored 
in each and every cell of the host organism (except in mature red blood cells) [Alberts 
2014].  In simpler prokaryotic organisms, the DNA is present in the cytoplasm because 
these organisms lack a nucleus, nor do they have histones associated with their DNA. This 
makes the processes of replication, transcription and translation much simpler in 
prokaryotes than in eukaryotes. In complex organisms, known as eukaryotes, the DNA is 
complexed with histone proteins and found in the nucleus in the form chromosomes (Figure 
1.4), which act as a blueprint for the manufacture of proteins that make up the organism 
[Pierce, 2013]. In humans, there are two copies of each chromosome. One set of 
chromosomes is inherited from each parent. In this way the genetic information is passed 
down through the generations [Nussbaum 2007].  The DNA sequence in the cell is 99.7% 
identical among humans (97% identical with apes and 60% identical with chickens and 
fruit flies). The remaining 0.3% of the human genome is used for forensic purposes. For 
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example, polymorphic regions of the genome can be used to produce profiles unique to an 
individual, and so can be used to identify and distinguish among individuals. DNA 
evidence can also be used for investigation of crime scenes, in paternity testing, for 
identifying human remains from missing persons and to aid in diagnosis and treatment of 
genetic diseases [Butler, 2006, 2011]. 
 
Fig.1.4 Structure of a cell. The nucleus is the home of nuclear DNA, which complexes with histones to 
form nucleosomes. The nucleosomes then coil to form chromatin which during division supercoils into 
the more compact chromosomes. Mitochondria inherited from the mother is present outside of the 
nucleus and has its own DNA which is different from the nuclear DNA. Image from 
http://slideplayer.com/slide/10841754/ 
17 
 
B.2. DNA Structure 
DNA, a double helix of two complementary strands (Fig. 1.5), is a large molecule which 
is built of repeating units called nucleotides. Nucleotides are composed of a 5-carbon sugar 
known as 2’deoxyribose, a phosphoric acid and then, depending on the nucleotide, one of 
the four nitrogen containing bases Adenine, Guanine, Cytosine and Thymine denoted A, 
G, C and T. These bases, which account for the structural variation of the DNA, are divided 
into 2 types: Purines which have a double ring structure (A and G) and Pyrimidines which 
have a single ring structure (C and T). The structures of these bases are shown in Figure 
1.6 with the N that is joined to the deoxyribose and in turn to the phosphoric acid circled 
in red. 
  
The nucleotide bases attach to the sugar phosphate backbone, which is formed by linkage 
between the 5’ hydroxyl of one pentose sugar to the 3’ hydroxyl of the next sugar. The 
Fig.1.5 DNA Double Helix Structure. 
From   
https://www.sciencebuddies.org/blog/cele
brating-dna-and-the-history-of-the-
double-helix 
Fig. 1.6 Nucleotide bases. Circled in red is the N 
that joins the nucleotides to the deoxyribose. 
Adapted from 
https://chelseaharripersad.wordpress.com/tag/ 
structure-of-dna/ 
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DNA molecule is a double stranded helix containing two complementary polynucleotide 
chains (Fig.1.7). These two complementary chains are associated with one another by base 
pairing in which the nitrogenous base of the nucleotide on one chain is paired to its 
complementary base (A-T and C-G) on the other chain. This association of the two chains 
is achieved through hydrogen bonding (Fig. 1.7), where a hydrogen atom is shared between 
two other atoms.  Within the DNA molecule the H-bonds act as structural elements, (2 H-
bonds per A/T pair and 3 H-bonds per G/C pair). In this way, the strands are held together 
and twist around each other to form the stable double helix structure of DNA [Hartl 2008] 
(Fig.1.5). 
 
Fig.1.7 Base Pairing. Adapted from https://www.slideshare.net/sofipaz1/dna-double-helix-2-class 
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It is the different sequence variations and combinations of the nucleotide bases that lead to 
different messages coded in DNA, thus allowing for the many genetically different and 
complex organisms. 
B.3. DNA Arrangement: Chromosomes, Genes and Alleles 
Once the DNA double helix has formed it is then supercoiled with the help of proteins 
known as histones into what is known as chromatin. Chromatin condenses during cell 
division into structures known as chromosomes Figure1.8. Different species have different 
numbers and sizes of chromosomes. In Homo Sapiens, there are 46 chromosomes forming 
23 pairs of chromosomes, with one set inherited from the maternal parent and one from the 
paternal parent. Two of these chromosomes (the X and Y chromosomes) determine the sex 
of the individual with females having two X chromosomes (XX genotype) and males 
having both an X and a Y (XY genotype).  
 
Fig.1.8 DNA structures from basic double helix, associated and coiled around histones to form 
nucleosomes and chromatin then supercoiling to form chromosomes. Image from 
http://slideplayer.com/slide/6324087/ 
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The DNA in each chromosome can be divided into coding regions (exons) and non-coding 
regions (introns). The exons are sections of a gene that encode for a protein or peptide 
sequence while the introns (formerly known as “junk DNA”) do not code for anything and 
seemed to merely interrupt the gene sequence [Alberts 2014]. Recently these non-coding 
regions have been found to have a role in gene activity and expression [Barret 2012]. Genes 
are considered the working subunits of DNA. Each gene consists of a number of nucleotide 
bases which then act as a set of instructions that code for the production of a messenger 
RNA and subsequently a particular polypeptide chain with a particular function in the 
organism [Pearson 2006]. Genes are present in different forms (alleles) and the number of 
variant alleles present in a population depends on the gene under consideration. 
B.4. DNA Marker nomenclature   
There are roughly 3 billion base pairs making up the 23 pairs of chromosomes observed in 
the human genome. Each of these chromosomes can contain several hundred to several 
thousand genes. These genes account for the coding sequences of the DNA (1.3%), while 
non-coding sequences make up the rest (98.7%). Many of the non-coding regions are 
highly polymorphic between individuals (have a high variability in bp sequence and bp 
sequence repeats) and so these regions are of forensic value for use in identification of 
individuals. The variances in sequence arise as a result of random mutations. The resultant 
alleles are passed down through the generations. The DNA markers used in forensic 
science [Pierce 2016] are DNA sequences which have a known location on the 
chromosome. The term DNA markers can refer to indels (insertions/deletions), single 
nucleotide polymorphisms (SNPs) sequence variants, short tandem repeats (STRs), and 
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VNTRs. The naming of these loci gives information about individual sequences and their 
location on the chromosome. For example, an STR locus having the following designation 
D5S818, includes a D for DNA, a 5 for the chromosome number, an S indicates a single 
copy sequence and a number, in this case 818, indicating the order in which it was 
discovered. Thus, this location was the 818th marker described on chromosome 5. These 
locus names are often abbreviated to include the first letter and number for ease of use. For 
example, locus discussed above D5S818 is often known as D5 among specialists in the 
field. Some markers have a different nomenclature, due to the locus falling within the 
coding region of a gene. For example, the TPOX locus falls within the coding region of the 
thyroid peroxidase gene. 
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CHAPTER II. COLLECTION AND ISOLATION OF BIOLOGICAL EVIDENCE  
  
A. Collection of Biological Evidence 
A.1. Introduction 
Physical evidence found at a crime scene plays a vital role in both the conviction of a guilty 
suspect or the acquittal of an innocent suspect [Lee 2001]. Forensic evidence can be 
compromised if the samples are not correctly collected, stored and transported. This is 
especially true in the case of biological evidence, which if handled improperly can become 
contaminated or degraded over time. To avoid these problems, protocols for collection, 
storage and transportation, as well as chain of custody, must be carefully followed and 
documented. These protocols and the treatment of the evidence are contingent on the type 
of sample being collected and on what substrate it is on. The most common biological 
samples collected from crimes scenes are blood, semen, saliva, hair, teeth, tissue, bone and 
urine. Aside from the samples collected from a substrate, it is also important to collect a 
substrate blank which is taken from a section of the substrate uncorrupted by biological 
evidence. 
In addition, reference samples from the victim, the victim’s belongings, family members 
and any possible suspects should also be collected so that the resulting profiles can be 
compared with those obtained from the crime scene evidence [Tilstone 2006]. These 
reference samples can be collected in a variety of ways, but the least invasive sample is a 
buccal swab.  
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General collections of biological samples for DNA testing can include both wet and dry 
samples, which are collected by employing a double swab technique. This method utilizes 
first a wet swab to collect the sample and then a dry swab to remove any remaining DNA 
that may have been loosened by the first wet swab but not collected. All wet samples and 
stains must be air-dried before further packaging in paper or card containers, as any 
moisture in the sample will promote bacterial and fungal growth leading to DNA 
degradation. Once collected, samples can be stored for short periods of time in a 
refrigerator at 4 ºC. They can also be kept for longer periods of time in a freezer at -20 ºC 
[Butler 2005] or transferred to an FTA card which permits storage at room temperature. 
Reference samples should also be collected from individuals of interest to the case. 
If the composition of the sample to be collected is unknown, then presumptive serological 
testing can be performed to give an indication of what type of sample is being analysed. It 
is also important to check for trace evidence and such as touch DNA and to make sure these 
pieces of evidences are handled accordingly so the DNA evidence is not lost [Raymond 
2009, Butler 2011]. 
A.2. Blood Evidence 
Blood is the most commonly found biological evidence at crime scenes. It is used as a 
source of DNA and to provide information on the events of crime with its spatter pattern 
[Lee 2014]. The majority of the DNA obtained from blood comes from the nucleus of the 
white blood cells [Baird1978, Barni 2007]. The more numerous, red blood cells do not 
have a nucleus and so do not contain DNA but they contain haemoglobin which can be 
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used to indicate the presence of blood. Haemoglobin can also behave as a PCR inhibitor 
and therefore careful DNA extraction procedures must be employed to reduce its effect. 
When bloodstains are present on small, moveable substrates, the whole sample is collected 
and dried. It is then packaged in a paper or card container for transportation and storage 
[Lee 2014]. Wet bloodstains on unmovable substrates are collected using a sterile swab. 
Dried bloodstains are collected either by scraping with a sterile blade, by using fingerprint 
tape to lift it off the substrate or using the double swab technique [Lee 2001]. All samples 
are stored in paper or card to prevent growth of mould and bacteria that’s results in DNA 
degradation.  
 Presumptive tests for blood focus on detecting the haemoglobin (HB). Its function is to 
transport oxygen from the lungs to the rest of the tissues and organs of the body, while 
removing CO2. One presumptive test for blood uses luminol (5-amino-2, 3-dihydro-1, 4 
phthalazinedione) (C8H7N3O2) and hydrogen peroxide (H2O2) to produce a 
chemiluminescent signal. In the presence of hydrogen peroxide the luminol is oxidised to 
form 3-aminophthalate, which is in an excited state. Once it returns to ground state, it emits 
blue light [Barni 2007] which can be detected photographically (Figure 2.1). The luminol 
method is effective in detecting even trace amounts of blood (diluted X 106) while not 
compromising downstream DNA analysis of the sample. However, the procedure can 
produce false positives if the reagents come into contact with other substances that contain 
iron and similar metals (copper, nickel, chromium). Bleach may also produce a false 
positive. Also, when using luminol the blood spatter patterns may be destroyed and thus it 
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is important to photograph and document the scene before the luminol spray is used [Barni 
2007]. 
 
 
Fig.2.1 Mechanism by which luminol chemiluminesces to produce blue light when coming into contact 
with the iron in blood. In the presence of hydrogen peroxide the luminol is oxidised to form 3-
aminophthalate, which is in an excited state it returns to ground state by emitting blue light at 425 nm 
[Barni 2007]. 
Another presumptive test for blood is the ABAcard HemaTrace kit (Abacus diagnostics 
Inc., West Hills, CA). This kit uses strips containing monoclonal antihuman haemoglobin 
antibodies which bind with the antigens of human haemoglobin as they migrate through 
the strip. In the presence of haemoglobin, the stationary antibodies, labelled with a pink 
dye, will form antibody-antigen-antibody complexes which can accumulate and produce a 
pink band on the strip. The appearance of this pink band indicates the presence of blood. 
This presumptive test is both sensitive and specific to human blood but false positives can 
occur in the presence of ferret or higher primate blood [Lee 2001, Lee 2014]. 
A.3. Semen Evidence  
Seminal fluid is another sample commonly found at crime scenes, especially in rape cases, 
often in the form of a dry white stain. Semen samples are most often found on the victim’s 
clothes, body or bedsheets. Where possible, the entire item that the stain is found on is 
collected and sent to laboratory, as additional trace evidence may be present that is not seen 
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by the naked eye. Semen stains are collected and dried in the same way as blood evidence, 
and are commonly stored in paper or cardboard to prevent bacterial growth. 
Seminal fluid contains both enzymes that assist in its identification and sperm cells that 
contain the nuclear DNA. An alternative light source (ALS) at a wavelength of 450 nm can 
be used to visualize fluorescence of the sample which can then be marked on the substrate 
before sending it to a lab for analysis [Lincoln 2006]. 
Presumptive tests for semen are obtained by the detection of the acid phosphatase (AP) 
enzyme. Prostate Specific Antigen (PSA), also known as p30 [Denison 2004] can also be 
used. A spot test can be performed using Brentamine, in which the acid phosphatase from 
seminal fluid reacts with sodium alpha naphthyl phosphate and diazo blue dye solution to 
produce in a colour change to purple [An 2012]. Tests that use the detection of acid 
phosphatase are only considered presumptive as AP is also present in other body fluids, 
such as vaginal secretions and breast milk. However, the levels of acid phosphatase in these 
fluids are present in lower concentrations than those in seminal fluid [Virkler 2009]. 
Confirmatory tests can also be made through the direct visualization of sperm. This 
visualization can be achieved using a microscope and a method known as Christmas tree 
staining, in which nuclear red dye stains the nuclei present in the sperm head while 
picroindigocarmine targets the tails, and stains them a blue/green colour [McClintock 
2014]. This confirmatory test only works if there is sperm present in the seminal fluid, 
which is not the case in vasectomized or azospermic males. In these cases, confirmatory 
tests detect PSA (which is a glycoprotein produced by the prostate gland). Commercially 
available test kits are available from Abacus diagnostics Inc. (West Hills, CA) and they 
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work by the same principle as the HemaTrace kit described above for blood detection 
except they use anti-PSA antibodies instead of anti-haemoglobin antibodies [Hochmeister 
1999]. 
A.4. Saliva Evidence  
Saliva evidence can be collected either as straight saliva or through the use of buccal swabs 
(most common form of reference sample collected). Saliva can also be collected from items 
such as cigarette butts, chewing gum, drinking containers, toothbrush, envelopes, stamps 
and bite marks.  Saliva stains are collected the in the same way as blood using a sterile 
swab and the double swab technique [Pang 2007, Lee 2014]. The swab must then be left 
to air dry and then packaged in a paper envelope or cardboard swab box to prevent moisture 
collection, condensation and bacterial growth during storage and transportation. Saliva can 
contain epithelial cells from inside the cheek which are a rich source of DNA. Saliva stains 
can be difficult to identify with the naked eye and thus require other means of visualisation 
such as alternate light sources (ALS) at a wavelength of 450 nm that causes them to 
fluoresce [McClintock 2014]. 
Presumptive tests for saliva target amylase, an enzyme present in high concentrations in 
saliva. The enzyme is responsible for the digestion of starch [Kipps 1975]. Amylase is also 
present in other body fluids so its presence is only considered presumptive for saliva. It is 
detected using the Phadebas test, which involves a special filter paper containing a starch-
dye complex that breaks down when the amylase in the sample digests the starch releasing 
a blue dye and producing a colour change [Hedman 2011]. 
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A.4.1 Saliva Reference Samples 
Reference samples are most commonly collected as cheek swabs. This technique involves 
rubbing a cotton swab against the inside of an individual’s cheek to collect buccal epithelia. 
The swab is then air dried and packaged in a paper bag or cardboard box for transportation. 
A.5. Hair, Tissue, Bone, Urine and Teeth Evidence 
Hair samples can be found everywhere and are easily transferred at a crime scene and from 
victim to suspect or vice versa. These samples are considered as both trace evidence and 
as a source of DNA. When considering hair evidence for DNA analysis, the root of the hair 
is generally used as it contains skin cells known as keratinocytes which contain nuclear 
DNA. If hair is pulled out violently, then it is probable that this root bulb is still attached 
to the hair and so can be used to create a DNA profile [McNevin 2005]. Hair evidence is 
collected with sterile tweezers and transferred onto a paper. The paper is then folded with 
a druggist fold and then packaged in a paper container. The double packaging acts as a 
precaution against potential loss or damage to the hair. Each hair found at the crime scene 
should be packaged separately to avoid cross contamination between hairs from different 
individuals. If hair evidence is very small or difficult to visualize or collect, then a tape 
lifting method may be employed. This involves applying a piece of clear adhesive tape to 
the area where the hairs are suspected to be present. The tape is then carefully lifted off 
and affixed to a clear backed card which is packaged in a paper container. Another method 
for collecting hair and fibre evidence from larger areas is by vacuuming where the vacuum 
has a special evidence collecting filter attached to it. The problem with the vacuum method 
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is the increased risk of contamination and damage to any hair evidence collected especially 
if the filter is not properly cleaned before use [Saferstein 2011]. 
Biological samples such as tissue, bone, urine and teeth can also be used as sources of 
DNA. However, it is important to consider other forensic applications of this evidence first. 
For example, dental x-rays, teeth, teeth impressions and bite marks [Atsü 1998] for 
identifications of victims [Olaisen 1997]. Urine can also yield useful information apart 
from DNA such as drugs and toxins that may have been taken by the victim or suspect 
[Drummer 2004]. Forensic anthropologists utilize skeletal remains to gain information on 
the life and death of a victim by studying the bones and any trauma they have suffered 
[Blau 2011].  
Because biological evidence can be used for a variety of forensic applications it is 
important that the isolation of DNA from such samples be as unobtrusive as possible while 
still providing enough material for the analysis process.   In addition, the type of sampling 
employed and the reagents used in the collection and isolation processes need to be 
compatible with the samples downstream applications. Special consideration must be used 
to avoid methods that could cause PCR inhibition as this would decrease the chances of a 
successful amplification. 
B. Isolation (Extraction) of Biological Evidence   
B.1. Introduction  
Once it has been determined that a sample is indeed of biological origin and can thus yield 
DNA evidence, there are a variety of ways the sample can be handled, and the DNA 
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extracted. This is a threefold issue, as the cells must be separated from the surface they are 
deposited on, lysed open to release the DNA, and finally the DNA purified by removal of 
proteins and other inhibitors that could negatively affect downstream processes [Demeke 
2010]. Only a small amount of the sample collected may be extracted, while the rest should 
be prepared for long term storage in case re-analysis becomes necessary later on.  
When performing extractions, it is important to include a negative reagent control which is 
treated the same as the sample but with no biological material included. Adding a negative 
control ensures that reagents and consumables are free from contamination. If allele peaks 
are detected in the negative control then the contaminating source must be found and the 
samples re-extracted [Giglio 2003]. 
B.2. Phenol-Chloroform Isoamyl Alcohol (PCIA)  
Phenol-Chloroform Isoamyl Alchohol (PCIA) extraction, also known as organic 
extraction, is one of the earliest and most common extraction methods used to isolate DNA 
from biological matrices. It is still a popular technique even though newer and simpler 
procedures exist because of its high recovery of relatively clean DNA from a variety of 
different biological samples. Its downside is that in addition to requiring toxic phenol, 
which must be carefully handled in a fume hood with proper ventilation, it also has many 
steps and is difficult to automate. PCIA isolates DNA using liquid/ liquid extraction with 
organic reagents. First the cells are lysed and the proteins digested through the addition of 
an enzyme known as Proteinase K along with sodium dodecyl sulphate (SDS) a detergent 
and Dithiothreitol (DTT) which acts as a disulphide bond breaking agent. The SDS and 
proteinase K lyse the cell membrane and dissolve the proteins while the DTT reduces 
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disulfide bonds in the nuclear protein which further helps release the DNA [Gill 1985, 
Marmur 1961]. This process is often performed in a water bath heated to 56 °C for 2 - 4 
hours to aid the cell lysis and protein degradation. 
In a second step, the proteins are separated from the DNA by liquid-liquid extraction 
involving the addition of phenol, chloroform and isoamyl alcohol to the aqueous solution 
containing the DNA sample (Figure 2.2). The isoamyl alcohol acts as an anti-foaming agent 
while the phenol-chloroform partitions the hydrolyzed proteins into the organic phase 
[Marmur 1961]. Following centrifugation, the DNA molecules (which are more polar) are 
captured in the aqueous phase, while the protein and cell fragments remain in the organic 
phase. The aqueous phase is then pipetted into a new tube leaving the remnants of the cell 
in the organic sample matrix (Figure 2.2).  
 
Fig.2.2 Schematic of the 4 steps of PCIA extraction process. Step 1: shows the addition of proteinase 
K, SDS, DTT incubated at 56°C for 2-4hrs. Step 2: shows the removal of the cotton swab and the DNA 
and cell fragments spun down to the bottom of the tube. Step 3: shows the addition of PCIA and the 
spin step that aids in the DNA migration to the aqueous phase while the cell remnants are spun to the 
bottom of the tube trapped in the organic phase. Step 4 shows the transfer of the DNA in the aqueous 
phase to a new tube ready for ethanol precipitation to be performed. Image created by Author. 
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B.2.1 Ethanol Precipitation 
Following PCIA extraction the DNA is usually recovered and cleaned up using an ethanol 
precipitation step. This also helps to remove any remaining PCR inhibitors [Comey 1994].  
The DNA has a highly charged phosphate backbone, making it a polar molecule that is 
soluble in H2O. The polarity of water has the effect of diminishing the electrical force 
between any two charges present in the solution when compared to their normal force when 
not in solution. The result of this is that the water molecules form a “hydration shell” 
around the charged DNA fragments (Figure 2.3), which prevents them from precipitating 
out of the aqueous solution. 
 
Fig.2.3 Schematic of the hydrogen shell of positive Na ion that forms around the charged DNA 
fragments preventing them from forming stable bonds and precipitating out of the aqueous solution. 
Image created by Author. 
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Ethanol is much less polar than water and when present in high concentrations, the 
shielding effect of the water is counteracted and the DNA fragments form H-bonds with 
salts in the solution and precipitate [Butler 2009]. The ethanol used needs to be of high 
concentration for this to occur, with most protocols using requiring first a dilution and 
centrifugation with 100% ethanol, followed by a second and third wash step using 70% 
ethanol. Cooling of the solution can also aid in precipitating the DNA and residual ethanol 
can then be left to evaporate from the sample. 
B.3. Chelex Extraction  
Chelex 100 (Bio-Rad Laboratories, Hercules, CA) is a highly selective cation exchange 
resin, composed of styrene divinylbenzene copolymer containing iminodiacetic acid 
groups. The iminodiacetic ions bind to metal ions such as the Magnesium (Mg2+) ion and 
in doing so minimize the effects of PCR inhibitors and DNA nucleases which can degrade 
DNA and affect downstream processes [Walsh 1991, Hoff-Olsen 1999]. When used in 
DNA extraction, the sample is boiled in a 5% solution of deionized water and Chelex resin 
for several minutes. The boiling causes the cell membrane to lyse and the DNA to be 
released into the supernatant [Willard 1998]. The resin has a selectivity of 5000:1 for 
divalent versus monovalent ions, even in high salt solutions. The Chelex extraction method 
requires less pipetting and tube transfer steps than the PCIA method. While also being 
much faster, the downside of this method is that the high temperatures used cause the 
resulting DNA to be in single stranded form which may not be as stable as in its double 
stranded form. In addition, Chelex extraction should not be used on samples suspected of 
containing low levels or degraded DNA as it could further decrease the quality of these 
samples. Finally, it is important that the washing steps after extraction be carefully carried 
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out as any carryover of the resin into the extracted DNA can cause PCR inhibition [Walsh 
1991, Hoff-Olsen 1999]. 
B.4. FTA® Paper  
The Fast Technology for Analysis of nucleic acids (FTA) method was developed at 
Flinders University in Australia in the late 1980’s as a method to store and preserve 
biological samples [Burgoyne 1994]. FTA paper is a special cellulose based paper 
containing a weak base, chelating reagents, an anionic surfactant and uric acid which lyses 
the cells and denatures the protein. The released DNA is then immobilised within the fibres 
of the paper where it is protected from degradation by nucleases, bacteria, UV radiation 
and other environmental elements, thus preserving it for long term storage [Thacker 2000]. 
Biological samples spotted on FTA paper can be stored at room temperature for many years 
with little to no DNA degradation. Because of their small size FTA papers are easy to 
package, transport and store, which has greatly increased their popularity in forensic use. 
A biological sample is simply spotted on the FTA paper where the reagents present lyse 
and immobilize the DNA. Next a small punch is washed, and the DNA is eluted with a 
buffer that is added to PCR reactions. Similar amounts of DNA can be added to PCR 
reactions simply by using the same size of punch which allows the quantitation step, 
usually required for forensic samples, to be skipped and thus saves even more time. Direct 
PCR methods even permit the elimination of the wash and elution steps. The direct PCR 
procedure utilizes the PCR cocktail to perform elution, further reducing run times. 
Modern FTA papers include colour indicators showing where the DNA is present on the 
paper to ensure that areas punched are those containing the DNA. The main limiting factor 
of this extraction method, is that during loading, the sample punches may float out of the 
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sample well due to static electricity, which could lead to sample loss or contamination 
[Smith 2004]. 
B.5. Solid Phase Extractions  
Solid phase extraction (SPE) methods, selectively bound DNA to a solid substrate (usually 
silica particles or coated magnetic beads). Following cell lysis, while cellular debris, 
proteins and other artefacts are removed from solution by multiple wash steps and 
centrifugation. The DNA, now purified, is released back into solution with a final elution 
step.  
A number of commercial SPE kits have become available in recent years such as the 
QIAamp® Kit (QIAGEN, Valencia, CA) [Greenspoon 1998] and the DNA IQ™ system 
(Promega Corporation, Madison, WI) [Frégeau 2012]. Different kits are available for tissue 
specific DNA extraction. These kits mainly differ in their use of buffers and bead 
chemistry. The underlying mechanisms of these kits involve the lysis of cell followed by 
the DNA selectively binding of nucleic acids to a bead based support. Up to 95% coverage 
of the beads is typically possible. DNA binding is performed under acidic conditions below 
a pH of 7.5 and in the presence of high concentrations of a chaotropic salt solution which 
disrupts the intra-molecular forces such as hydrogen bonding, thus aiding in cell lysis. The 
process also stabilizes the denatured DNA. The remaining unbound cellular debris and 
proteins are then washed away with water and a second wash step is performed with ethanol 
to remove the chaotropic salts followed by a third wash with water to remove any 
remaining ethanol. The DNA can then be eluted back into solution by raising the pH, 
making the silica beads more negatively charged [Greenspoon 1998, Nagy 2005]. The 
beads are then spun down by centrifugation and the DNA collected in the aqueous layer 
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[Nagy 2005].  These kits have been adapted by several robotic platforms such as the 
BioRobot EZ1 workstation (Qiagen, Inc., Valencia, CA) and QIAcube system (Qiagen, 
Inc., Valencia, CA) to allow for automation of the extraction process [Budowle 2005]. 
Another commercial kit, that employs similar chemistry but uses magnetic beads instead 
of silica coated glass beads, is the DNA Isolation Quantitation kit (DNA IQ) (Promega 
Corporation, Madison, WI). The DNA bonds to the magnetic beads and this complex then 
drawn to the side of the tube and immobilized using a magnet or a magnetized tube rack. 
The DNA IQ design allows for less pipetting steps and tube transfers as all washes can be 
performed in the same tube without disturbing the DNA-magnetic bead pellet. After a 
series of wash steps to remove cellular debris and PCR inhibitors the DNA is eluted back 
into solution through the use of an elution buffer and heated to 65°C [Frégeau 2012]. The 
main problem with this method is that if any compound (for example is chemicals from a 
presumptive test for blood [Poon 2009]) interferes with the DNA binding to the magnetic 
beads then the DNA will be lost during the wash steps. Other SPE chemistries include ion 
exchange, charge switch such as the ChargeSwitch Technology® (CST®, Life 
Technologies, Grand Island, New York) [Witt 2012], sucrose based methods and 
microchip based methods [Wolfe 2002, Dauphin 2010]. 
B.6. Differential extraction  
Differential extraction was first used by Peter Gill in 1985. It is the preferred method for 
extracting DNA from a mixture of male and female cells, and is commonly used with 
sexual assault evidence [Gill 1985]. Differential extraction separates the male from the 
female fractions resulting suspect profiles that are less convoluted and easier to interpret 
[Schoell 1999, Schoell 1999]. Differential extraction exploits the different DNA packaging 
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in sperm and other tissues. Sperm contains protamines which are proteins that contain high 
concentrations of arginine, cysteine and charged protein residues. These proteins form 
disulphide bonds which causes the resulting DNA to be packed much more densely. This 
process makes it harder to denature and release the DNA [Oliva 2006]. In order for the 
DNA in sperm to be released, these disulphide bonds must be broken, requiring much 
harsher lysis conditions then those employed with other cell types. 
Organic differential extraction is a two-step process. First the vaginal epithelial cells are 
lysed with protinease K and SDS in the solution. This step does not affect the sperm cells 
and these are collected and removed from the solution by centrifugation (Figure 2.4). The 
second step consists of lysing the remaining sperm cells using a buffer containing 
proteinase K, SDS and DTT reducing agent. The DTT targets the cross-linked thiol-rich 
nuclear proteins of the sperm, weakening them and making the cells more susceptible to 
organic extraction by the Proteinase K and SDS [Gill 1985, Getts 1999]. Both the female 
and male fractions are purified through PCIA and ethanol precipitation which can then 
each produce cleaner profiles of their individual contributors. 
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Fig.2.4 Schematic of Organic Differential Extraction. First the biological sample containing male and 
female cells is incubated in a cell lysis buffer of SDS and Proteinase K, resulting in the lysis of the 
female epithelia. Centrifugation allows female fraction to be removed with top aqueous layer. DTT, 
SDS and Proteinase K buffer then used to lyse the sperm pellet and release the male DNA fraction, 
which is isolated and purified through normal PCIA and ethanol precipitation methods. Image created 
by Author. 
While this method is still in favour for separating male to female mixtures it is time 
consuming, with multiple transfer steps and is difficult to automate. If proper control of the 
process is not employed, then inefficient separation may occur and the resulting profile 
becomes a confusing mixture of male and female DNA [Vhen 1998, Hudlow 2012]. An 
additional problem arises if the male contributor was vasectomized or azospermic, as no 
sperm cells would be present and thus this method would not be able to separate the two 
fractions [Butler 2011].  
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B.7. Laser microdissection  
Laser microdissection (LM) or laser-capture microdissection (LCM) is a method of 
selectively recovering cells visualised by use of a microscope. This method can be used to 
separate and isolate sperm cells from others in evidence from sexual assaults [Elliot 2003, 
Sanders 2006]. Laser microdissection is performed is by spreading some of the sample on 
a microscope slide and covering it with a plastic film. Next, the cell of interest is located 
and then a laser is utilized to cut the cells from the plastic film and capture them. This 
process is repeated for all desired cells and their DNA can be extracted by any standard 
method. There are two concerns with this procedure, the first involving the possibility of 
contamination due to exogenous cells. The second concern is that the heat produced by the 
laser to melt the film could cause degradation of the cell and the DNA it contains [Murray 
2007]. To solve the contamination issue, a UV system can be used in which the sample is 
transferred to a polymer slide that is then cut out along with the cell of interest and collected 
in a tube without ever contacting other substrates that may contaminate the sample 
[Vandewoestyne 2010]. Laser microdissection has proved to work more effectively than 
differential extraction in singling out the male sperm cells from male and female mixtures 
[Elliot 2003] but it is not as widely used as it is less cost effective and also yields fewer 
cells for later extraction.
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CHAPTER III. DNA AMPLIFICATION: POLYMERASE CHAIN REACTION  
A. PCR: Basics  
In 1985 Kary Mullis, discovered the Polymerase Chain Reaction (PCR) 
[Schochetman1988]. The PCR can produce millions of exact copies of a single DNA 
sequence. In the field of forensics the invention of PCR permitted successful sample 
analysis of samples which previously would not have contained enough DNA or where too 
degraded for downstream analysis. This discovery led to Kary Mullis being awarded the 
Nobel Prize in 1993, further illustrating the significance of his discovery and its 
contribution to science [Mullis 2000]. 
The Polymerase Chain Reaction (PCR) is a selective in vitro amplification of a defined 
target DNA sequence. PCR includes 25-45 repeating cycles in which not only is the DNA 
present doubled each cycle (if 100% efficiency is maintained) but the new DNA created in 
one cycle can serve as the template for the next, giving an exponential rise in the amount 
of DNA [Butler 2011]. The PCR takes advantage of an enzyme that uses a defined sequence 
in a strand of DNA as a template for synthesising a complementary strand. The reaction 
occurs as a result of thermal cycling (repeated heating and cooling of a DNA sample), using 
primers containing short single stranded DNA fragments complementary to the target 
region, along with a thermally stable DNA polymerase. The primers used are generally 
labelled with fluorescent dyes which can be excited to permit detection of the different 
fragments. Over the years there has been much research conducted on improvements in 
amplification by PCR with special interest being given to the reduction of cost [Schuelke 
2000] and automation. 
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PCR is completed in three basic steps (denaturing, annealing and elongation), all occurring 
at different temperatures. Additional steps may be included, depending on the protocol, 
such as an initialisation step at the beginning of the process in which the sample is heated 
to 98°C for 5-15 minutes. The initialisation step is needed to activate certain stabilized (hot 
start) enzymes. The denaturing step consists of separating the double stranded DNA into 
two single strands (>90 °C) by increasing the temperature to a point where the hydrogen 
bonds holding the 2 strands together weaken and break. During annealing, the temperature 
is lowered to 40-65°C to allow primers to bind to their complementary region on the single 
stranded template DNA. The temperature at which this occurs depends on the melting 
temperatures of the primers used. If using multiple sets of primers, a median temperature 
will be selected. Primers must be sufficiently long to uniquely bind the selected regions 
that will be amplified. A forward and reverse primer is used to bracket the location of 
interest. Finally, an elongation step is used in which the sample is heated to ~72°C. At this 
temperature the polymerase is optimally active and binds to the primers adding 
complementary nucleotides to the template strand [Delidow 1993, Demeke 2010]. 
Temperatures and times at each step vary depending on protocol and sample. This 3-step 
process can be seen in Figure 3.1 and 3.2. 
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Fig.3.1 Schematic overview of the PCR process. First denaturation takes place once the sample is 
heated 95°C and the 2 strands separate from each other forming single stranded DNA. Next primers 
anneal to their target regions takes at a lower temperature (50-70°C). Polymerase then binds to 
primers and adds nucleotides to the new growing strand of DNA (72°C) resulting in a copy of the 
original DNA template. This process is repeated multiple times depending on cycle number until 
enough DNA has been produced to be visualized at a later step by electrophoresis. Image from Lui 
2009. 
 
In a forensic setting, most PCR reactions amplify STRs of ~60-500 base pairs (bp) in 
length. The final amount of amplified product is determined by the available reagents in 
the reaction, and the feed-back and inhibitory effects produced by the reaction products 
[Schochetman1988]. Theoretically, the number of copies of each STR at the end of a PCR 
is roughly 2n (n= number of amplification cycles) permitting an estimation of the number 
of theoretical copies of the DNA produced depending on the number of cycles used. For 
example, 35 cycles can produce 235 = 3.43597 × 109 copies [Butler 2011]. Of course in 
actuality fewer copies are produced due to effects of polymerase efficiency, crowding, and 
limiting reagents [Butler 2011]. 
To check whether the PCR generated the anticipated DNA fragment (amplicon), the PCR 
products are separated by either agarose gel or capillary electrophoresis in which separation 
of the fragments occurs by size. These sizes can then be compared to an internal lane 
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standard that contains fragments of known sizes to allow size identification of the PCR 
amplicon. 
B. PCR Component  
The polymerase chain reaction requires a mixture of reagents in optimal concentrations in 
order to successfully proceed to produce a desired product, also known as an amplicon.  
The components in the reaction mix include the polymerase, MgCl2, forward and reverse 
primers, dNTPs, buffer, PCR enhancers and template DNA. 
The polymerase used is an enzyme that binds to the primers and extends the new DNA 
strand by incorporating complementary nucleotides to those on the template strandInitially 
a Klenow fragment (derived from E. Coli.) was used in PCR [Mullis 1990]. It was found 
that the enzyme was rendered inactive after each cycle of the PCR by denaturation at the 
high temperatures needed to separate the DNA strands. This meant that it had to be 
replenished manually after every denaturation step which proved labour intensive and 
undesirable. A solution to the problem was the discovery of the bacteria Thermus Aquaticus 
and its derived polymerase Taq. This bacterium was found living in hot springs and its 
proteins (including its polymerase Taq) were thermostable at temperatures of 95-98 ºC 
allowing it to remain active through the various high temperature cycles of PCR without 
the need of replenishing. This allowed for the automation of the PCR process in instruments 
now known as thermocyclers. For this reason, the polymerase used in most modern PCR 
reactions is some form of Taq (AmpliTaqGold, Z-Taq, OmniTaq, Cesium Taq, Etc.) [Innis 
1999]. 
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The speed at which the polymerase incorporates new nucleotides is known as processivity, 
although what processivity actually represents is the average number of nucleotides added 
by a polymerase before it dissociates from the template strand. The percentage of correct 
nucleotides added is known as fidelity. Persistence represents how stable the enzyme is at 
high temperatures. All three are important factors when considering and comparing 
polymerases for different uses, but for STR amplification the effect of low fidelity 
polymerases or those lacking proofreading activity is negligible as the regions amplified 
are relatively short.  
In recent years mutant Taqs have been created in laboratories to adhere to ever more 
specific needs but these will be discussed in detail in the chapter: Fast Thermocyclers and 
Rapid Polymerases. 
Magnesium Chloride (MgCl2) acts as a co-factor that binds and activates the polymerase 
[Innis 1999], while also maintaining its stability. The concentration of MgCl2 is important, 
as too much can cause unspecific amplification while a deficiency will lead to polymerase 
activation failure and no reaction. 
Primers are small single strands of DNA that are complementary to a target site on the 
DNA template [Frégeau 2012]. Two primers are needed to successfully amplify a region 
and they are known as the forward and reverse primers due to their 5’-3’ directionality. 
Primers are designed to bind to a target region on either side of a designated amplification 
region in a bookend like fashion. Optimal primer length is between 15-35 bp and primers 
should be short enough to not add too many nucleotides to the amplicon sequence while 
remaining long enough to ensure specific binding to the target site. Primers should also 
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have a similar GC percentage for optimal binding to the DNA template [Wu 1991]. The 
size and location of primer binding sites can be changed to alter the size of the amplicon 
as desired. This design feature is employed when preparing multiplex amplifications in 
which the different amplicons must not produce amplicon size overlap. It is also important 
when designing primers that they do not have sequences complementary to themselves, 
their partner or any other pairs of primers. If using a multiplex, this complementarity can 
cause the formation of secondary structures such as primer dimers and hairpins reducing 
the primers ability to bind to the template [Vallone 2004]. For the purposes of rapid PCR 
elevated concentrations of primer need to be used as this improves amplification rates due 
to diffusion effects. 
Deoxynucleotide Triphosphates (dNTPs) are the building blocks of DNA and they are used 
by the polymerase to create each new strand of DNA. Each of the four dNTPs are added to 
the PCR in a mixture of equal amounts.  
The buffer solution is an important component to the PCR as it maintains an environment 
that is stable at the optimum pH and salt levels for the polymerase activity. This buffer 
usually contains MgCl2 but it is not uncommon for it to also contain PCR enhancers (also 
known as inhibitor facilitators) such as bovine serum albumin (BSA) and Dimethyl 
sulfoxide (DMSO). These compounds are known to increase reaction efficiency and reduce 
the effects of inhibitors [Mamedov 2008]. Bovine serum albumin (BSA) aids in the 
reaction by binding to inhibitors, preventing them from binding to the polymerase and 
halting its activity [Satoh 1998]. DMSO is thought to facilitate the unwinding of the DNA 
from its associated histone proteins, making it more available for polymerase binding. This 
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increases its processivity while also decreasing the amount of non-specific binding of the 
enzyme [Delidow 1993]. Other compounds added to the PCR mixture include commercial 
PCR enhancers cocktails, such as PEC-1, PEC-2 (DNA Polymerase Technology) which 
are designed to counteract inhibitors or improve the recognition of sequences that are GC 
rich. These additives are often used in combination with inhibitor resistant polymerases 
such as OmniTaq (DNA Polymerase Technology). 
The final component in PCR is the template strand which is the genomic DNA sample that 
is copied. Template DNA is usually extracted from a biological sample. In the case of 
Direct PCR, no initial extraction is performed and the biological sample is added in its 
untreated form to the PCR. Inhibitor facilitators and PCR enhancers are also used to assist 
in this process. It is also important that the DNA template be as clean and uncontaminated 
as possible as due to the sensitivity of the PCR, as even small amounts of contamination 
can produce copies that will later confuse data interpretation. This is particularly true when 
small amounts of template DNA are used. Finally, the amount of input template must also 
be addressed as too high a concentration of template can cause non-specific amplification 
or overloading of sample. If the input DNA concentration is too low allele dropout or 
amplification failure can occur [Bell 2008, Butler 2005].  
C. PCR Controls 
One commonly employed quality assurance methods for PCR is the use of control samples 
that are run alongside normal samples, these controls allow the analyst to check that the 
system is working correctly and aid in troubleshooting. There are three types of controls 
used in forensic laboratories: a positive control, a negative control and a blank. The positive 
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control is a high-quality DNA standard for which the origin and the concentration is 
established and the profile is known. The positive control is used to ensure all reagents are 
working properly, and that there are no problems in the amplification process. The negative 
control contains all the reagents of the PCR master mix but no template DNA, thus the 
resultant amplification should produce no peaks in the resulting profile. The negative 
control can also be used to detect primer dimers, dye blobs and contamination events. 
Finally, a blank is used which contains just the reagents for running samples on the 
electrophoresis instrument. This typically consists of a mixture of formamide and internal 
lane standard (ILS). The blank helps detect the presence of post PCR contamination as well 
as making sure there are no issues with reagents or capillary degradation. If using extracted 
DNA then another type of control, known as an extraction control may also be included.  
The extraction control is a sample that has no DNA template but goes through all the 
processes from extraction through to detection and can help detect additional 
contamination that may have occurred during the extraction process. These controls are 
important especially for quality assurance and accreditation purposes in forensic 
laboratories and they should be run with all samples [Innis 1999]. 
D. Thermal Cycling 
As mentioned above, the PCR follows the principle of thermocycling in which the analyte 
mixture is treated with a series of 20-40 repeated temperature changes (cycles), with each 
cycle normally having 3 temperature steps or changes. The temperatures used and the 
length of time they are applied in each cycle depend on a variety of parameters, such as the 
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enzyme used, the concentration of divalent ions and dNTPs in the reaction, and the melting 
temperature of the primers [Rychlik 1990].  
The steps involved  are shown in Figure 3.2 and are as follows: 
1. Initialization step: heating the reaction 
to a temperature of 94–98 °C which is 
held for 1-15 minutes to activate hot 
start polymerases and aid in denaturing 
of dsDNA. 
2. Denaturation: First part of a cycle, 
heats the reaction to 94–98 °C for ~30 s, 
breaking hydrogen bonds between the 
dsDNA to give ssDNA. 
3. Annealing step: Temperature is 
lowered to 50–70 °C (primer Tm 
dependent) for ~30 s so that the primers 
anneal to the new single stranded 
template molecule. 
4. Extension/elongation step: The temperature at this step depends on the DNA polymerase 
used. If using Taq polymerase then a temperature of 70-72 °C is set. The addition of 
nucleotides occurs in the 5’-3’ direction and continues until the polymerase reaches the 
end of the strand and disassociates from the DNA. The time it takes to synthesis a new 
Fig.3.2 Schematic of the PCR thermocycling 
steps. Deneaturation at ~95°C, Annealing ~50°C 
and Elongation ~72°C. Image from 
https://www.floridamuseum.ufl.edu/cowries/amp
lify.html 
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strand depends on the polymerase and the size of the desired product, 1-3 minutes is the 
typical. 
5. Final elongation or incubation: After all the cycles are complete, a step is added in which 
a temperature of 60–74 °C is used for ~ 10 minutes after the last PCR cycle to ensure that 
any remaining single stranded DNA is fully extended. This also helps to standardize 
adenylation, a situation in which the polymerase adds an additional base at the end of a 
fragment. 
The cycling process is completed in an instrument known as a thermal cycler, which rapidly 
heats and cools a metal block in cycles set to the PCR parameters. These are much 
advanced from the first thermocyclers which required the addition of mineral oil to the top 
of each sample in order to prevent condensation and evaporation from occurring (the heated 
lid solved this problem) [Innis 1999]. There are many instrument designs differing in 
sample numbers, tube sizes and ramp rates. One example (Figure 3.3) is the GeneAmp 
9700 from Life Technologies (previously Applied Biosystems).  
 
Fig.3.3 GeneAmp® PCR system 9700 thermal cycler from Life Technologies. Temperature ramp rate 
4°C/s, fits 96 samples at once and has heated lid to prevent condensation. From Thermo Fisher 
Scientific website. 
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All thermal cyclers include computer control to adjust the cycling parameters that vary by 
reaction protocol. Parameters that can be adjusted include the temperature and time for 
each step of the PCR, the number of cycles of denaturing, annealing and elongation and 
the addition of extra steps before or after these cycles. 
E. PCR Inhibition 
E.1 PCR Inhibition 
Perhaps the major problem affecting DNA analysis is PCR inhibition. Certain compounds 
present in the sample matrix or used to preserve it inhibit PCR by making cell lysis more 
difficult or through binding to the DNA polymerase or template [Funes-Huacca 2011]. The 
process can lead to poor or no amplification [Demeke 2010, Alaeddini 2012]. Poor 
amplification is a particularly problematic when analysing blood samples, as not only do 
such samples contain PCR inhibitors such as haemoglobin, heparin, lactoferrin and 
immunoglobulin G, they may also contain anticoagulants such as EDTA and sodium 
citrate.  Other inhibitors include haematin, calcium, humic acid (from soil) and indigo (dye 
used in denim) [Wilson 1997, Larkin 1999, Young 1993, Opel 2010, Thompson 2012]. 
Haematin and calcium from blood and bone inhibit the PCR by competing with the 
magnesium to bind to the polymerase [Akane 1994, Bickley 1996]. Some inhibitors can 
also be introduced into the sample during collection or preamplification steps [Willard 
1998, Butler 2011], such as traces of phenol from improperly washing or pipetting during 
a PCIA extraction [Demeke 2010]. For this reason, a number of studies have been 
performed to determine what compounds are inhibitory and what polymerases work with 
each type of inhibitor (Table 3.1) [Al-Soud 2000- 2001, Funes-Huacca 2011]. It has been 
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found that many of the less inhibiting factors could be removed simply by reducing their 
concentration. The removal of inhibiting factors is a relatively easy process for forensic 
purposes, as sample quantities used are already extremely small and often dilution is 
possible [Byrnes 1975]. Other methods to counteract inhibition include the addition of 
higher concentrations of DNA polymerase as even if some polymerase was bound to 
inhibitors and rendered non-functional the rest would still be active and able to complete 
the PCR [Butler 2011]. 
 
Table 3.1 Inhibitory effects of different concentrations of haemoglobin and lactoferrin on the 
amplification capacities of 10 thermostable DNA polymerases. From Al-Soud 2001.  
Overall though, it was considered that avoidance of co-extracting the known inhibitors 
along with the DNA when possible was the best approach [Alaeddini 2012]. But how can 
we tell if a sample is degraded and thus not producing a useable profile, or if the PCR is 
simply inhibited? This is important to know so that the sample can be treated accordingly 
and the quality of the results improved. Real time PCR and internal positive controls (IPCs) 
can be used to determine if the sample is degraded or suffering from inhibitory effects 
[Opel 2010, Thompson 2012].  
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E.2 Inhibition Facilitators 
Al-Soud tested ten facilitators in combination with different amounts of haemoglobin and 
lactoferrin using AmpliTaq Gold [Al-Soud 2001]. The results of the effect of facilitators 
to improve inhibition resistance can be seen in Table 3.2. [Al-Soud 2001]. It was found 
that the addition of small amounts of bovine serum albumin (BSA), approximately ~0.4%, 
was the most efficient way of counteracting inhibition by both haemoglobin and lactoferrin. 
Betaine and gp32 (11.7% and 0.01% respectively) also showed some relief of inhibition 
for haemoglobin but only gp32 had an effect on lactoferrin inhibition. 
 
 
Table 3.2 Effects of nine amplification facilitators on the inhibitory effects of haemoglobin and 
lactoferrin on the amplification capacity of AmpliTaq Gold. From Al-Soud 2001. 
These results indicate the importance of adding optimal concentrations of BSA to PCR 
master mixes when amplifying whole blood or saliva samples on FTA paper.  
Another method alters normal extraction procedures by lysing the cell using alkali 
conditions. An aliquot of the released DNA in the solution can be transferred to the PCR 
reaction mixture. Usually this type of lysis requires additional steps such as neutralisation 
of the lysates prior to PCR. However, it was found that polyethylene glycol (PEG) at a 
concentration of over 50% at alkaline pH does not require these additional steps 
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[Chomczynski 2006]. Chomczynski added 60% PEG 200 (tetraethylene glycol) at a pH of 
13.5 with KOH. This works as the PEG 200 stabilises the solution as it reduces the 
solubility of CO2, which if left destabilised would neutralize the reagent over time 
[Chomczynski 2006]. 
Samples taken directly from cheek swabs show much less inhibition as they are cleaner 
samples than others such as blood and do not contain many important inhibitory factors 
such as haematin and lactoferrin. 
F. Real Time PCR 
Real time or quantitative PCR(QPCR) is a method used to quantify the amount of DNA 
present in a biological sample. QPCR can also be used to predict how well a sample will 
amplify during subsequent PCR analysis conditions and detect the presence of inhibitors 
by analysing amplification efficiency [Higuchi 1993, Park 2007]. The amount of DNA 
present in the sample is important for downstream DNA analysis as an optimal amount of 
template is needed for good quality data to be produced at the end of the analysis. By first 
determining how much template is in a sample by QPCR the sample can then either be 
diluted or concentrated as necessary ensuring the optimal amount of DNA is used for STR 
amplification. 
Quantitative PCR proceeds as a normal PCR, however in addition the amplification process 
can be monitored through the addition of a fluorescent dye, which can either be attached 
to the primers/probe or using a dsDNA intercalating dye such as SYBR Green. The increase 
in product DNA is proportional to the fluorescence produced. There are two ways this can 
occur: fluorescent accumulation or quenching. In the first method, the fluorescent signal 
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produced by the dyes increases with the increase in DNA product, while in the latter, less 
common method, the fluorescent signal decreases as the fluorescent probe is displaced or 
quenched following DNA product formation.  
A typical QPCR will have four distinct phases (Figure 3.4): the initial phase where little to 
no product is visible, the exponential phase where the DNA amplifies exponentially with 
each cycle, the linear phase where the reaction begins to slow down due to reagent 
depletion [Delidow 1993] and the plateau phase where the reaction produces no more PCR 
product as all the reagents have been depleted or the fluorescence has exceeded the limits 
of detection [Butler 2011]. The cycle threshold (Ct) is what the DNA quantitation is derived 
from, this is the cycle at which the fluorescence intensity exceeds the background noise.  
 
 
 
Fig 3.4 An overview of the QPCR process. The initial phase where there is little product, the 
exponential phase where the amount of product is produced exponentially, the linear phase where the 
reaction starts to slow down and the plateau phase where reagents are consumed and the reaction 
completed. Image created by Author.  
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There are numerous methods for fluorescence-based quantitation but the most common 
methods use intercalating dyes (such as SYBR® Green), hydrolysis probes (Taqman) or 
Plexor® dye chemistry (commercial kit from Promega). Intercalating dyes such as SYBR® 
Green [Giglio 2003], can be used to monitor the concentration of double stranded DNA by 
intercalating between the strands and binding to the minor groove of the DNA double helix. 
When bound to DNA in solution, the fluorescence of the dyes is enhanced as their internal 
pi-bonds (of their aromatic structure) can interact with each other [Kubista 2006]. For 
forensic purposes, only the quantity of human DNA present in a sample needs to be 
determined, so it is important to use real time PCR methods that only target human DNA 
[Williams 1994].  
Hydrolysis or Taqman probes consist of sequences of DNA that are complementary to a 
sequence on the template strand. On the 5’ end of the probe is a fluorescent labelled 
oligonucleotide, acting as a reporter dye, while on the 3’ end is a quencher [Bell 2008], 
which prevents fluorescence when in close proximity to the reporter dye through 
fluorescence resonance energy transfer (FRET). As the probe binds to the DNA template 
and PCR begins, the Taq polymerase will make its way to the 3’ end of the probe and as a 
result of its exonuclease activity, it will degrade the probe, removing the quencher molecule 
and allowing the reporter dye to fluoresce [Heid 1996]. In forensic analysis, both 
intercalating dyes and Taqman probes have shown to give similarly accurate results 
[Srinivasan 1993], but the Taqman probes are sequence specific permitting multiplex 
analysis. 
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The last type of chemistry used for forensic quantification is found in the Plexor 
quantification kit by Promega. This system utilizes specific interactions between the 
modified nucleotides isoguanine (Iso-G) and 5’- methylisocytosine (Iso-C). One primer is 
labelled with a fluorescent dye and an Iso-C at the 5’ end, while the other primer remains 
unlabelled. dNTPs modified with iso-dGTP with Dabcyl, which is a quencher are used in 
the PCR mix and as amplification takes place the specific interactions between the Iso-C 
and the Dabcyl Iso-G are preferential at the complimentary position resulting in the 
quenching of the fluorescence signal. As a result, the fluorescent signal decreases as the 
reaction progresses and more dsDNA is produced (Figure. 3.5) 
 
 
Fig.3.5 Schematic representation of the Plexor® QPCR chemistry. Fluorescence signal is originally 
high and then decreases. This quenching occurs when the nucleotides modified with quenching 
molecules get incorporated opposite the complementary nucleotide tagged with the fluorescent 
reporter. Adapted from Promega Corporation website.  
Some of the modern quantification kits offer the ability to determine the total amount of 
human DNA and male-specific DNA in a sample at the same time (Plexor® HY and 
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Quantifiler® DUO). It is also possible to include mitochondrial DNA quantification 
[Walker 2005].  Multiplex analysis is important when the sample may need to be analyzed 
for Y-STRs or when there it is a mixture with a high female-to-male ratio.  
The type of QPCR employed can affect the sensitivity of the system and its ability to 
correctly determine the concentration of low copies of DNA. Multi-locus probes can allow 
for multiplexing and detection of autosomal, mitochondrial and Y-chromosome DNA and 
are capable of detecting low amounts of DNA [Walker 2005]. For example, the Plexor HY 
can detect levels of input DNA as low as 6.4 pg/µ. 
G. Rapid PCR 
Research efforts to improve the speed of the PCR date back to the work of Widmer in the 
early 90s, in which his group achieved high speed DNA amplification using rapid heating 
in glass capillaries. Demonstration of rapid PCR for forensic analysis has also been 
discussed by Vallone et. al. [Vallone 2008] among others [Laurin 2012, Verheij 2012, 
Aboud 2013, French 2002]. 
In his early work Wittwer discovered through a series of experiments [Wittwer 1991] that 
speeding up the PCR reaction gave better results than normal speed PCR as it reduced the 
amount of undesired side products that can form in these reactions. Figure 3.6 shows the 
results of a PCR done using different speeds for the different cycle steps.  
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Fig.3.6 Amplification of a 536bp ß-Globin fragment of genomic DNA using different cycling conditions 
to give decreasing overall time for the same 30 cycles. Frome Wittwer 1991.    
As can be seen from the Fig.3.6 both the 4 and 2 hour PCRs show large amounts of 
nonspecific product formation on either side of the desired product, while the 40 minute 
and even the 15 minute runs show none of these extra bands. This result indicates that faster 
cycling conditions do indeed increase specificity of the reaction. Wittwer does say 
however, that this increase in speed leads to a slight decrease in amount of desired product 
produced, but that this mainly affects larger amplicons, with products of <200bp showing 
no sign of this decrease in product formation as speed is increased. This is good news as 
the alleles used for forensic purposes are small, and rarely over the 536bp amplicons used 
in the above example.  
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Fig.3.7 Wittwers’ two described models of PCR. From Wittwer 1991. 
It is generally thought that the PCR reaction occurs according to model A (Figure 3.7.), 
that is, that each step occurs at a different temperature and separately from each of the other 
steps. While this makes it easier to understand and graph, Wittwer described that this is not 
entirely the case and what really happens is closer to what is illustrated in model B (Figure 
3.7.). Model B shows that annealing and extension happens concurrently, with the 
extension beginning as soon as the primers anneal and the polymerase attaches. The kinetic 
model also shows that there is a range of temperature on both sides of a programmed 
temperature where activity is taking place. For this reason, the time spent at these steps can 
be reduced, as activity is occurring both as the reaction is heating up to the desired 
temperature and as it is cooling down or moving on to the next step. 
Wittwer ran a series of tests [Wittwer 1991] to discover which steps could be sped up and 
by how much. The results of his study can be seen in Figure 3.8. 
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Fig.3.8 Gel results of different times spent at A) denaturation step, B) annealing step, C) Extension 
step. From Wittwer 1991. 
The above results shown in Figure 3.8 A show that there is no effect in speeding up the 
denaturation time, even to the point of <1s. However, at 32s and especially at 64s slightly 
less product was produced than at 16s, probably because of lower specificity and more 
undesired products being formed. Figure 3.8 B shows that better results were obtained 
when using more rapid annealing times (1s-5s), as well as when faster ramp rates were 
employed. For example, when the sample was cooled from 92ºC to 55ºC in 9s better results 
were obtained. Wittwer explains that this effect results from the fact that less time was 
needed for PCR products formed in previous cycles to reanneal to the template strands. 
Thus, better product yields and lower concentrations of undesired side products were 
produced. Finally, in C we see how extension/elongation times affect results. Here we do 
see a slight decrease in product produced as the time at this temperature was decreased. 
However, the effect was small and good results were still observed using both 2.5s and 5s 
extension times, with no decrease in product produced if amplicons were <200bp.  
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The use of Rapid PCR does have some drawbacks [Wittwer 1991], these include the need 
for a higher concentration of polymerase, so that it is more readily available for the reaction 
to use. The improvement in yield of already short amplicons, is usually not a problem for 
forensic purposes, as most of the desired alleles are small. High melting temperatures of 
primers are also needed so that their activity can start at higher temperatures, and thus lower 
the time needed for annealing. Temperature homogeneity and transfer are also very 
important, and for this reason the kind of receptacle used for the reaction can be optimal. 
For example, normal plastic PCR tubes show poor thermal transfer. Wittwer suggested that 
it would be better to use glass capillaries as they are thin walled, have a high surface area 
to volume and low heat capacity [Wittwer 1991]. This and their small volume of sample 
will allow internal temperature of the sample to change rapidly. However, they are difficult 
to handle and so a plastic receptacle was formed to fit on the end of the capillary for easier 
loading and use (these were then called plastic cuvettes and can be seen in Figure 3.9). 
 
 
Fig.3.9 Example plastic cuvettes designed by Wittwer. From Wittwer 1991. 
Later studies involved the use of rapid PCR technique to speed up the genotyping of ABO 
blood groups from whole blood [O’Keefe 1996, Huh 2011]. These studies, while showing 
faster amplification times then their contemporary methods were ~1 hour long and so 
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further research was needed to increase speed. More recent methods use either liquid 
samples or FTA paper punches and faster enzymes. These permit much shorter cycling 
conditions resulting in successful amplifications in ~70 mins [Lee 2011]. Integrated 
systems involving PCR coupled to microfluidic devices have also been developed [Lagally, 
2001; Mitnik, 2008; Shi, 2003] but these focus more on the speed of separation and 
detection rather than increasing the speed of the PCR. More recently, rapid DNA analysis 
techniques have been developed; however, these techniques continue to include an 
extraction step within these processes to complete the analysis, which can take up to an 
extra 90 minutes.  
Rapid PCR analysis has been performed using commercial kits such as the AmpFlSTR 
Profiler Plus, COfiler, Identifiler and PowerPlex 16. The AmpFlSTR Profiler Plus kit was 
used with each of the following polymerases: SpeedSTAR HS, KOD hot start and 
PyroStart fast PCR master mix [Giese 2009]. Of these it was found that SpeedSTAR gave 
the best results in the fastest time (19.1 mins), however it was noted that some incomplete 
non-template addition (NTA) was observed above the usual level, and stutter was reported 
as being slightly higher than in normal PCR [Giese 2009].  
A second study tested a different set of enzymes and compared them to the results produced 
using Amplitaq Gold. The enzymes tested were Phusion, AB77, AB95, AB-1 and AB-3. 
The results showed that Phusion, AB77 and AB95 all gave non-specific amplification 
(probably due to these enzymes lacking hot start functionality), AB-3 and AB-1 gave 
cleaner profiles than the other enzymes, but produced n+1 and n-2 stutter peaks and double 
the amount of cross reactivity as what [Wang 2009].  Another study looked at using the 
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AmpFlSTR Profiler Plus in combination with SpeedSTAR HS and Kappa2G fast hot start 
[Laurin 2012]. Laurin improved amplification by combining the use SpeedSTAR with 
leaving the PCR product at room temperature for ~15 minutes, along with optimization of 
other PCR reagents [Laurin 2012].  
In 2012 Verheij used a newly engineered enzyme (Phusion flash) to test a rapid/direct 
process with a variety of different sample types of forensic interest including saliva, blood, 
bone, semen, hairs and touch samples. The resultant amplification produced a ~30-40 mins 
PCR [Verheij 2012]. This process worked well for saliva and blood with full profiles being 
obtained after amplification directly from whole blood. Results for touch DNA were not as 
reliable with Verheij noting a 46% decrease in success rate for these types of samples when 
compared with results from blood or saliva [Verheij 2012]. 
H. Direct PCR 
Originally the direct PCR process involved the deposition of blood or saliva samples on to 
FTA paper. The FTA paper stabilizes the DNA and keeps it free of pathogens while halting 
the DNAs degradation.   A small punch from this material can be amplified directly off the 
paper without the necessity of cell lysis or DNA isolation.  The chemical mechanism within 
the paper permits lysis and purification to take place but does not alter the buffering 
capacity of the PCR cocktail. [Chomczynski 2006].  This type of direct amplification 
eliminates the extraction process as well as the need for quantification as the size of the 
punch can be the same for all reactions. This simple procedure also reduces the possibility 
of contamination by minimizing sample processing steps. 
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 Paper based stabilization of nucleic acids was first developed in the late 1980’s at Flinders 
University in Australia. Burgoyne and Fowler were able to design a special paper that was 
capable of protecting nucleic acids from depredating agents, such as nucleases and bacterial 
activity, and preserving the samples for long-term storage [Fowler 1988]. They applied a 
weak base, a chelating reagent, an anionic surfactant and uric acid into a cellulose based 
paper. The chemicals embedded on the paper lysed the cells, releasing the DNA and 
denaturing the proteins. DNA samples on Watman FTA® (Flinders Technology 
Associates) paper are stabilized and can be stored at room temperature for years without 
loss of integrity and this method of long-term storage requires less space than traditional 
methods. 
The main problem with direct amplification is that it requires relatively clean samples. 
Otherwise, inhibitors can produce allele dropout especially when the analysis speed is 
increased in combination with direct amplification [Aboud 2013, Verheij 2012]. Careful 
selection of the enzyme and optimization of buffer system, magnesium content, enzyme 
concentration, salts, BSA and other additives have been found to reduce problems with 
allele dropout.  Recently developed enzymes have included: OmniTaq, a polymerase series 
capable of performing amplification of blood and soil DNA; Rapid Klentaq, a mutant form 
of Klentaq that was designed to provide robust amplification with very short extension 
times, permitting faster amplifications. Other such examples are Phusion Polymerase 
(Thermo Scientific) which has been designed for direct amplification of whole blood and 
resistant to the inhibitors such as haematin that are present in this type of sample [Fuehrer 
2011, Verheij 2012], with a variation of this, Phusion Flash, being used in rapid 
amplification for different crime scene samples [Verheih 2012].  
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Polymerases developed for speed and sensitivity include Pyrostar (Thermo scientific) and 
SpeedStar (Takara) which were used by Vallone et.al. to speed up the PCR of commercially 
available STR analysis kits [Vallone 2009]. Other kits include KAPA2G (Kapa 
Biosystems), AptaTaq (Roche), and inhibitor resistant polymerases such as Omnitaq (DNA 
polymerase technology). 
The direct amplification of blood and saliva samples has been shown using both FTA paper 
based methods [Mercier et al 1990] and non-FTA based methods. The non-FTA based 
methods include procedures involving FoLT PCR (formamide low temperature PCR), 
nested PCR, buffer Ph adjustment and microwave-based techniques [Panaccio 1993, Qu 
2007, Chomczynski 2006, Bu 2008, Fuehrer 2011, McCusker 1992, Goodwin 1993].  
Other sample types have been used including tissue [Panaccio 1993], bone, semen [Verheij 
2012] and touch DNA [Templeton 2013].  However most of these studies have not focused 
on analyses in which sample sizes are limited, and generally focus on eliminating inhibition 
and not on high speed PCR.  
Specially designed buffers (known as direct buffers) are becoming commercially available 
for improved amplification of FTA punches. One method involves a pre-treatment of DNA 
transferred from a saliva swab (although it also can be done with whole blood) to an FTA 
paper punch (2mm), by soaking it in 40 µL of Direct-N-Elute elution buffer (BioQuest, 
Seoul, Korea) at room temperature for 15 minutes. 1µL of this solution is included in a 
PCR mixture containing a zwitterionic buffer and non-reducing carbohydrates which 
together help to overcome any inhibiting factors present in the sample [Park 2008]. A 
Zwitterionic buffer is a buffer that consists of a molecular compound with both acidic and 
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basic functional groups. This means that at a neutral pH the zwitterionic buffer solution 
will have both anions and cations at the same time. Components of the Zwitterionic buffer 
can be HEPES (4- (2-Hydroyethyl) -1- piperazineethanesulfonic acid), Bicine (NN-bis (2- 
hydroxyethyl) glycine) or preferably Tricine (N- Tris (hydroxymethyl)methylglycine). The 
buffer works in a wide variety of pH conditions (6.8-9.5) but is preferable kept between 8-
8.7 [Yang 2006]. The "non-reducing carbohydrate" that also form part of the Direct-N-
Elute are hydrocarbons that have more than two hydroxyl groups while also not having 
reducing capabilities. These include polyols (polyhydroxy compounds) and their 
derivatives and non-reducing hydrates of carbon, called non-reducing sugars or 
saccharides, and their derivatives. Examples of these non-reducing carbohydrates include 
sorbitol, mannitol, trehalose, raffinose and sucrose to be included in a 2-30 % (w/v) of the 
reaction mix [Yang 2006]. These compounds along with BSA help counteract the effect of 
inhibitors in direct PCR reactions where biological matrices are used directly with no 
cleanup or purification step being performed prior to their incorporation into the PCR 
mixture [Park 2008]. 
Further work was performed to evaluate the effect of size and location of the saliva FTA 
paper punch to see if these had any effect on results [Wang 2009].  It was found that the 
optimal size of punch for both blood and buccal samples is 1.2mm, as larger sizes delivered 
more sample and increased the quantity of inhibitors to the point at which the buffer could 
no longer counteract inhibitory effects. Another buffer of interest is the AmpFLSTR® 
Identifiler® Direct buffer developed by Applied Biosystems. This buffer contains salts, 
detergents, carrier protein and 0.05% sodium azide to aid the direct PCR process. This 
direct buffer has been tested in the form of a master mix, and with the use of AmpliTaq 
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Gold polymerase to give successful amplification from single source blood and buccal 
swabs on FTA paper without purification steps [Wang 2011]. The AmpFLSTR® 
Identifiler® Direct buffer previously has also been tested with non-FTA samples [Brito 
2011]. This procedure worked well with blood samples, but not as well with buccal swabs. 
The authors suggested that the amount of DNA collected on a swab varies much more than 
the amount present in a blood drop deposited on FTA paper.  
The literature does not suggest that there is a difference between blood and saliva, when 
both are transferred to FTA paper for DNA extraction and storage samples [Brito 2011, 
Wang 2011]. It is however possible that the reagents in the paper itself can cause inhibition 
if wash steps are not employed or specific buffers used. In general, direct buffers are used 
to counteract all these types of inhibition as we have seen.  
It may be possible to amplify directly from saliva as this is a relatively clean sample and 
would not require the use of specialized buffers, as is necessary with FTA paper punches. 
Different methods are being investigated including microwaving the saliva for different 
periods of time [Goodwin 1993], diluting the saliva and addition of different facilitators 
(such as BSA).  
I. Rapid Direct PCR 
  Early methods to increase the speed of the PCR, led to the idea of simultaneously 
performing rapid and direct PCR [Lee 2011]. Lee reports the amplification of whole blood 
for ABO blood typing in 70 minutes with no prior extraction step. As can be seen from the 
previous discussion on rapid PCR it is only the instrumentation and not the biochemistry 
itself that acts as the limiting factor for the speed at which the PCR reaction can take place. 
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With new thermocycling technology such as the Streck Philisa rapid thermocycler, these 
reactions can be sped up considerably, thus increasing throughput and saving time and 
money. 
Faster processing, using rapid direct PCR with high speed enzymes and microfluidics, can 
produce a genotype in under 25 minutes [Aboud 2013], as no extraction step is necessary.  
One of the newer areas of research is to test these new enzymes with off the shelf high 
speed thermal cyclers to provide crime laboratories with a method for screening and 
producing genotypes for crime scene samples of all types (such as saliva, blood, tissue, 
semen, bone and touch/fingerprint samples).  This has already been achieved with saliva 
samples and FTA paper [Aboud 2013], but additional optimization is needed to further 
reduce analysis time.  The key to this process is direct PCR, which utilizes special buffers 
and sets of enzymes to amplify DNA directly.  Currently direct PCR utilizes FTA paper as 
the substrate for amplification. The buccal swab is wiped on the FTA paper to transfer the 
saliva sample. This can be processed in the same way as blood, with no extraction or wash 
steps necessary. This method can be altered to utilize saliva directly (without prior 
transferal to FTA paper) as this would remove another step in the process as well as not 
having the problem of inhibitors from the FTA paper present in the PCR reaction.   Touch 
or fingerprint DNA will also be an important part of the project as many crime scenes 
contain evidence that has been handled by a suspect. While a fair amount of research has 
focused on methods for better collection and analysis of touch samples [Gibson-Daw 2013, 
Nunn 2013, Sangeeta 2011, Daly 2012] there has been little work performed on the use of 
such sample for direct [Templeton 2013] or rapid PCR processes.  
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For rapid direct PCR to work with samples other than saliva, new enzymes must be 
identified and optimized that increase the speed of the process despite the presence of 
inhibitors. Companies such as Takara, Promega and DNA Polymerase Technology have 
developed such enzymes with improved processing speeds and better capability to handle 
PCR inhibition. The concentration of dNTPs is also increased in rapid direct PCR to avoid 
problems caused by diffusion. High speed thermal cyclers will also be required. The 
combination of fast enzymes and quick temperature cycling should permit amplifications 
to be completed in under 15 minutes. Optimization of buffer conditions (BSA), and 
reagents such as dNTPs will still be necessary to achieve high fidelity amplifications at 
these speeds.  
When coupled to a standard STR typing instrument, this optimized process can take an 
analyst from 25 min to an hour [Aboud 2010] from sample preparation to getting a 
complete result. Many researchers are looking into ways to speed up the genotyping step, 
such as using microfluidic chip based electrophoresis. With the purchase of a fast-thermal 
cycler and appropriate enzymes, any laboratory could easily perform a fast DNA 
amplification [Jensen 1990, Kupfer 2006]. Specialized laboratories at remote sites and at 
mass disasters could perform the task in under 25 minutes using microfluidic separations 
[Aboud 2013].  Figure 3.10 demonstrates the result of a 16-minute amplification and a 2-
minute electrophoretic separation.   These results were obtained using a Streck Philisa 
thermal cycler and a modified Agilent Bioanalyzer. The genotype could also be obtained 
using a standard ABI 310 or 3100, however it would take an addition 30 mins.  
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Fig.3.10 The production of a genotype in 70 seconds using a modified Agilent 2100 Bioanalyzer. 
 
Because this process only uses a small amount of the total sample, the rest can be stored 
for further testing.  Contamination is also minimized as there is minimal sample transfer 
between steps as extraction and amplification take place in the same tube.  
In this way, large numbers of samples can be analysed quickly and efficiently. 
Furthermore, this procedure is capable of being used as a portable technique that can be 
taken on site to crime scenes or mass disaster sites. Rapid PCR methods are of a particular 
interest as they can be used for on-site screening of samples being collected [Paradela 
2006]. While rapid direct PCR shows a much-increased speed of analysis, it may be 
possible to improve on it further. With the development of new rapid polymerases and 
instruments further decreases in analysis time are possible by reducing amplification time 
[Gibson-Daw 2018] and removing the FTA paper step through the use pf direct PCR.   
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CHAPTER IV. SHORT TANDEM REPEATS (STRs)  
A. STRs: Basics 
Only 0.3% of the human genome is made of regions that differ from individual to 
individual. Typically, these regions are located between genes in what are known as 
introns. These regions contain repetitive sequences of nucleotides [Butler 2009] which vary 
in size from person to person, usually with no detriment or benefit to the different 
individuals. There are three types of variable regions located within the human genome 
depending on respective length. The long regions are known as satellites, the medium 
length ones are called minisatellites (or VNTRs) and have repeats of 10-60 base pairs, and 
the shortest ones (those which are normally used in forensic analysis) are known as 
microsatellites, simple sequence repeats (SSR) or more commonly short tandem repeats 
(STR). Their repeat units are 2-6 base pairs. 
Sort tandem repeats are the most reliable DNA markers for forensic use not only due to 
their highly polymorphic nature. Furthermore, as a result of their small size, they can be 
easily amplified by PCR even when samples are significantly degraded. This means that 
very small amounts of DNA from a crime scene (100 pg) can be amplified, giving the 
scientist much more material to test. Forensic STRs are usually made up of 4 repetitive 
sequences of nucleotides but di-, tri-, tetra-, penta- and hexa-nucleotides, tri-nucleotides, 
tetra-nucleotides or hexanucleotides are also possible (Figure 4.1). Sequences of 3-5 
nucleotides repeats are commonly used in commercial kits. 
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Fig.4.1 Schematic of Short tandem repeats. A) shows primer binding sites, flanking regions and repeat 
motif. B) shows differing number of repeat units that differentiate alleles. Adapted from Butler 2009. 
 
The longer lengths of the repeat motif produced decreased stutter (see section 4.D.1), while 
also offering improved resolution by electrophoresis than the smaller repeat motifs (Figure 
4.1). There are different types of STRs: Simple, Compound and Complex. Simple STRs, 
are simple repeats of a 2-7 bp motif. Compound STRs are made of two or more simple 
repeats and are a complex mixture of these simple repeats. Complex STRs are made of 
several repeat blocks of variable unit length with the presence of intervening sequences 
between them [Urquhart 1994, Butler 2009]. Many STRs also have microvariants which 
involve incomplete alleles, containing variations in the standard 4 base repeat motifs. An 
example is the human TH01 locus which contains a 3 base variant along with 9 repeat unit 
giving rise to what is known as the 9.3 allele [Butler 2011]. Typically, in a forensic 
investigation a set of 15-24 STR are examined. Statistical analysis of these STRs is based 
upon fundamental concepts in population genetics including the Hardy-Weinberg 
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equilibrium (HWE) and the independent assortment of alleles (product rule). The Hardy-
Weinberg equilibrium is a principle that states that allele frequencies observed in a 
population remain stable across many generations. This principle holds true so long as 
random mating occurs and there is no evolutionary influences favouring or disfavouring 
some over the others. Using the HWE it is possible to calculate genotype frequencies. For 
a locus with two alleles per individual (A and a), the genotype frequencies for AA, Aa and 
aa will be given by p2, 2pq and q2 respectively [Butler 2009]. 
The product rule expresses the probability of two (or more) separate events occurring at 
once and it is calculated by multiplying together the probabilities of each individual event. 
This can only be used if the events are completely independent from one another. The 
product rule is employed in forensics to calculate the frequency of a profile expected to 
appear in the population. It is calculated by multiplying the frequencies of the observed 
alleles at each locus together including both alleles of a heterozygote. The product rule is 
also sometimes known as the random match probability [Butler 2009]. 
 
B. Allelic Ladders 
Allelic ladders are an assembled mix of DNA fragments that are used as reference 
standards. They consist of co-amplified different alleles from many individuals to produce 
fragments representing all alleles found and sequenced [Smit 1995] in the population for 
the loci under analysis. The ladder is created by taking all alleles possibly present at a locus 
and amplifying them. These are then separated in polyacrylamide gels and individual 
alleles are cut out and mixed together at similar concentrations. This process is performed 
for all known alleles for the different loci in a multiplex. The fragments are combined to 
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create the ladder [Kopka 2011]. Allelic ladders can be remade or resized by diluting the 
original ladder and re-amplifying it with the original primers [Butler 2003]. This method 
can be utilized in situations in which different primers are used, by diluting the original 
ladder and then amplifying it with the new primer sets selected for the loci. Modern forensic 
kits supply their own ladders (Figure 4.2). The allelic ladder is run with every batch of 
samples and the unknown peaks from these samples are compared with the known peaks 
of the ladder for use in allele assessment [Schumm 1997]. If an allele has the same 
fluorescent label and is within 0.5 bp of the known allele from the allelic ladder, then the 
software will identify it as that allele [Butler 2006]. With modern capillary electrophoresis 
instruments, this is achieved automatically using an internal size standard. An internal size 
standard or internal lane standard (ILS) is a standard control that is added to every sample 
run by electrophoresis. It consists of a number of fragments of DNA of known sizes ranging 
from small >100 bp to large >1000 (the range varies by the ILS used). These fragments run 
along with the sample fragments and are used to size them by the data analysis software. 
The sizing occurs by comparing the ILS fragments retention time to that of the sample 
fragments and using a sizing algorithm that assigns the corresponding size to the sample. 
Allelic ladders are important for the automatic calling of alleles by the instrument software, 
while also helping correct for minor changes in size of alleles that may arise from 
temperature and mobility shifts between samples, instruments and labs.  
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Fig.4.2 An electropherogram of the PowerPlex® 16 HS Allelic Ladder, showing the different alleles for 
each locus in the PowerPlex® 16 HS kit. Adapted from Promega website. 
 
C. Commercial STR kits  
Since STRs are the current method of choice in forensic DNA typing, several commercial 
STR kits have been created [Krenke 2002, Greenspoon 2004, Wang 2011, Laurin 2012]. 
The modern kits permit the user to multiplex PCR amplification of STR markers and tag 
them with up to 6 fluorescent dyes to allow analysis in instruments such as the Thermo 
Fisher Scientific 310 Genetic Analyser or the multi capillary based 3130 or 3500 CEs. 
These kits not only supply the primer multiplex, but also come with all the PCR regents 
needed for successful amplification [Promega technical manual 2016].  Matrix standards 
(used to calibrate the instrument), internal size standard (added to all samples in order to 
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later size them) and allelic ladders (used for allele calling) are generally either included in 
the kits or are available for purchase. Commercial kits originally used relatively few loci, 
were then expanded to include the 13 original core CODIS loci. Some of the new kits 
contain a mixture of normal STRs and Y-STRs, such as the PowerPlex® Fusion 6C 
(containing 23 autosomal STRs, 3 Y-STRs and Amelogenin), which can help in the 
separation of male from female contributors in mixtures. Before a commercial kit can be 
sold and used by laboratories it must go through both developmental validation (by the 
company producing the product) and internal validation (by the crime lab implementing 
the product), these validations must comply with the up to date SWGDAM guidelines 
[SWGDAM 2012]. The use of commercial kits allows for standardized procedures across 
laboratories and makes proficiency testing easier as well as saving the laboratories the time 
and money it would take to develop their own kits. 
D. STRs: Chemical and Biological Artefacts 
Current methods for STR typing sometimes include artefacts, than can appear in the 
electropherograms produced. Some of these are artefacts are the result of PCR process 
(stutter, microvariants, null alleles, drop-in and drop-out and non-template addition) while 
others are inherent to the capillary electrophoresis method (pullup spikes). If improperly 
identified these artefacts can cause misinterpretation of the data. It is important to 
understand them and have protocols in place for mitigation of these effects. Common 
artefacts are mentioned in more detail in the following sections. 
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D.1. Stutter  
One artefact that is often seen in STR profiles is a stutter peak. Stutter peaks are extra peaks 
in the profile that can be either one to two units smaller or larger than the actual allele 
amplicon. Stutter peaks arise from strand slippage of the polymerase during the primer 
annealing step of PCR, where the primers mispair to their target regions on the template 
DNA. Depending on which strand is affected this can cause either deletion or insertions 
into the product strand. If slippage occurs to the bottom strand, i.e., the 3’-5’ one, then a 
deletion (n-4) occurs causing a small peak of around 5-15% of the height of the true allele 
[Hauge 1993]. If slippage occurs to the top strand, i.e. the 5’-3’ one, then an insertion (n+4) 
is caused which appears as a small peak 4 bp after that of the allele peak. The n+4 peaks 
are rarely visualized as they are usually ~2% of the allele height and so get lost in the noise 
[Leclair 2004] (Figure 4.3). The percentage of stutter is calculated using Equation 4.1: 
Equation 4.1: Stutter % 
 
 
(stutter _ product _ peak _height)
(main_ product _ peak _height)
*100
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Fig.4.3 Schematic of the two mechanisms of stutter product formation during PCR. A) normal PCR 
process with no stutter formation. B) Stutter product formed by insertion by backward slippage, where 
resulting product is one repeat longer. C) Stutter product formation by deletion caused by forward 
slippage, causes -4 bp stutter which is the most commonly observed stutter product where the final 
product is one repeat short. Image recreated by author, original by Butler 2009. 
Appearance of stutter decreases both as the length of the repeat motif increases (pentameric 
repeats show less stutter) and as number of repeats decreases (alleles with less repeats show 
less stutter) [Walsh 1996].  
Stutter is a common occurrence and can hamper analysis of complex mixtures. Most 
laboratories have a special stutter threshold set which differentiate between true alleles and 
stutter peaks that may be present in mixtures. It is important that stutter thresholds are set 
properly as true stutter can be indistinguishable from low level peaks [Moretti 2001].  
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D.2. Microvariants 
Many STR loci repeats contain alleles that include incomplete repeat units, which are 
known as a microvariant repeat units. These can be formed by deletions, insertions, etc. 
One example is the FGA locus which contains a 2 base microvariant in the repeat motif 
which is the result of a –TT– dinucleotide partial repeat after the fifth full repeat. Alleles 
containing this 2 base variant are labelled using the repeat number along with a number 
indicating the length of the variant allele in bp. The D21S11 locus also has a 2 bp 
microvariant caused by a–TA– dinucleotide partial repeat which is present before the last 
full TCTA repeat. This creates alleles such as 28.2 and 33.2 [McBeth 2006]. There are 
many loci that have differing numbers of these microvariencies. However, most common 
microvariant alleles have been identified and documented using large scale population 
studies [Ruitberg 2001]. Minor alleles that are not used in allelic ladders are collected in a 
database maintained by NIST (STRbase).    
D.3. Null Alleles  
Null alleles occur when there are point mutations or indels that have occurred at the primer 
binding sites [Dakin 2004]. These mutations can cause the primers to improperly anneal to 
their binding sites and prevent replication of one or both alleles of the loci in question. The 
closer the variation is to the 3’ end of the primer, the more likely drop out will occur 
[Budowle 2001]. To test if this has occurred, primers with two different annealing sites can 
be used, in which one of these should bind correctly and produce a PCR product. 
Sequencing of the DNA can also indicate the presence of point mutations in the primer 
binding sites [Kline 2011]. Many of these mutations have now been documented, and so 
commercial multiplex kits have designed their primers to avoid these regions. In general, 
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the primer sequences should be as close as possible to the STRs as this decreases the size 
of the amplicon and therefore minimizes the potential for insertions and deletions in the 
region between the primer binding sites and the STR region. The presence of null alleles 
or unusually sized alleles normally does not affect interpretation of the resulting data as 
long as a single STR kit is used. However, when different kits containing different primer 
binding sites are used, lack of concordance in the resulting genotypes can occur. Database 
searches are designed to correct for these issues. 
D.4. Non-template addition 
Non-template addition is the result of the Taq polymerase adding an extra nucleotide to the 
3’ end of a PCR product. This is often an adenine, so the process is known as adenylation. 
This phenomenon can result in the production of split peaks in which the peak that is 
missing an adenine is labelled  -A, and the peak with the added A is known as the +A allele 
(Figure 4.4) [Butler 2009]. These split peaks (A-/A+) are undesirable, as they can appear 
to be two different alleles. The effect can also cause confusion during the profile analysis, 
as the allele peak height is reduced by an amount equal to the area of the -A peak. 
 
 
 
Fig.4.4 An example of an electropherogram showing split peaks (-A/+A) which result from incomplete 
adenylation. Image recreated by author, original by Butler 2009.  
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The cause of this non-template addition is usually excessive concentrations of input DNA 
template and inadequate time for the polymerase to finish replicating the alleles. For this 
reason, non-template addition is seen often in rapid PCR as limited time is available for the 
polymerase finish replication. Even under conditions of excess DNA template, it is possible 
to diminish the probability of adenylation. For instance, primers can be designed to help 
promote complete replication. This is done by adding a guanine to the 5’ end of said primer 
[Butler 2009], addition of ATT to the 5’ end of the unlabelled reverse primer can also help 
complete adenylation [Krenke 2002]. Another method to reduce adenylation is to include 
a final soak step of 15-30 minutes at 72ᴼC to give the polymerase time to correctly complete 
the adenylation of all PCR products. This is not usually an option for rapid PCR as it would 
add unnecessary time to the procedure. 
D.5. Stochastic Effects  
Stochastic amplification can sometimes occur in samples during the PCR process resulting 
in uneven allele peak heights between heterozygous alleles, allele dropout (one allele 
missing), or locus dropout (both alleles missing). These effects occur usually during low 
template amplification and are caused by there not being enough of one or more template 
strands available to be copied [Butler 2005]. Stochastic issues generally occur in samples 
containing less than 100 pg of DNA, which is known as low template DNA or low copy 
number (LCN) DNA [Butler 2005]. When dealing with low template samples, different 
methods for analysis must be used [Caragine 2009]. These methods must be validated for 
these sample types, in order that correct interpretation of the data is maintained. It is also 
important that individuals involved in the analysis of LCN sample have appropriate 
methodology training and proficiency testing [Caragine 2009, Caragine 2011, Budowle 
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2009]. However, there are things the analyst can do to circumvent the negative effects of 
these samples, for example adding sufficient sample to reach the minimum necessary input 
concentration of DNA by first quantifying the samples then adjusting input volume as 
necessary. Running samples in replicates of 3 or more and then pooling the results can also 
reduce allele or locus dropout problems as it is unlikely that the same allele or locus would 
dropout in the same way in each replicate [Budowle 2009, Gill 2001, Budowle 2011].  
E. Y-STRs  
Y-STRs are short tandem repeats present on the Y chromosome of males. They are 
important as they can be used for situations such as sexual assaults, paternity cases or mass 
disasters in which the DNA from close relatives is utilised for comparison purposes to 
determine the identification of unknown victims [Walker 2005, Park 2007]. Y-STRs can 
also be of use in sexual assault cases to separate out the male from the female DNA in 
circumstances in which the female victim’s contribution overwhelms that of the male 
perpetrator, or in cases with multiple male contributors.  In forensic situations evidence can 
be collected from a wide variety of sources such as fingernail scrapings, car or home door 
handles, etc. In situations in which close relatives are involved, a special class of Y-STRs 
known as rapidly mutating Y-STRs can be used which show high mutation rates [Albani 
2013]. Rapidly mutating Y-STRs e have an improved discrimination power between males 
of related paternal lineages.  
A selection of 11 standard Y-STR core loci were originally chosen in 1997 by the Scientific 
Working Group for DNA Analysis Methods (SWGDAM) using 9 primer sets (Figure 4.5) 
[Sinha 2004].  
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Fig.4.5 The chromosome location and nomenclature of the 11 core Y-STR loci as suggested by 
SWGDAM, including repeat motif, allele range and mutation rate. Adapted from Butler 2006. 
 
Since then additional loci have been added to various commercial kits to increase the power 
of discrimination. Examples of these expanded kits are the PowerPlex® Y23 System 
(Promega) which includes 23 loci across 4 dye channels (DYS576, DYS389I/II, DYS448, 
DYS19, DYS391, DYS481, DYS549, DYS533, DYS438 (penta), DYS437, DYS570, 
DYS635, DYS390, DYS439, DYS392, DYS643 (penta), DYS393, DYS458, DYS385a/b, 
DYS456 and Y-GATA-H4) [Promega website] and the Yfiler® Plus Kit (Thermo Fisher 
Scientific) which includes 27 loci across 6 dye channels (DYS19, DYS385 a/b, DYS387S1 
a/b, DYS389 I/II, DYS390, DYS391, DYS392, DYS393, DYS437, DYS438, DYS439, 
DYS448, DYS449, DYS456, DYS458, DYS460, DYS481, DYS518, DYS533, DYS570, 
DYS576, DYS627, DYS635 (Y GATA C4), and Y GATA H4.) [Thermo Fisher website]. 
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CHAPTER V. FAST THERMOCYCLERS AND RAPID POLYMERASES 
A. Fast Thermocyclers 
In recent years much research and development has taken place to create new styles of 
thermocyclers capable of reducing amplification time. This has been done by increasing 
the heating and cooling ramp rates through the use of special coating of metal blocks, 
changes to tube design, and instrument configuration. Peltier based thermal cyclers 
increase the ramp speed by using specially coated heating blocks. In addition, faster cooling 
fans and specialized ultra-thin tubes (Figure 5.1) that permit faster, more efficient heat 
transfer between the sample and heating block are also used. An example of a rapid Peltier 
based thermocycler is the Philisa (Streck) seen in Figure 5.1. 
Systems where the PCR mix is transferred between areas maintained at different 
temperatures are also being developed as this would decrease amplification time by 
removing the need to heat and cool a metal block in order to change the temperature of the 
PCR mix. However, these systems have yet to be commercialized.  
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Fig.5.1 Philisa ultra-fast thermal cycler. Instrument shown top left. The silver heat block with PCR 
tube shown bottom left. Specially designed thin, flat PCR tube shown on right. The Philisa cycler is 
has heating rates of 15°C/s and 12°C/s cooling. 
 
B. DNA Polymerases 
DNA polymerases are a sub type of enzymes that are vital components in DNA replication, 
repair and recombination. Polymerases bind to the template strand of DNA by interacting 
via electrostatic interactions with the sugar phosphate backbone and the minor groove of 
the DNA. In many cases, it is this binding that determines processivity of a given enzyme. 
Processivity is “an enzymes ability to catalyse consecutive reactions without releasing its 
substrate” [Stryer 2002]. This amounts to the average number of nucleotide bases added to 
the new DNA strand per association/disassociation event of the polymerase with the 
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template DNA strand (Amplitaq Gold has a processivity of 50-60 nt/s according to Life 
Technologies). 
Many new enzymes have become available commercially that have been modified or 
engineered to improve this rate of processivity. The precise modifications performed on 
commercial enzymes are unavailable due to patent issues, however we can hypothesize 
that these are based on research performed to improve and develop polymerases of higher 
processivity and resistant to inhibitors. One such study by Wang, details how both Taq 
polymerase and Pfu can be fused to a sequence non-specific double-stranded dsDNA 
binding protein (in this case Sso9d). This design results in an increase of processivity while 
showing no negative effects on either stability or catalytic activity of the polymerases 
[Wang 2004]. The original Taq polymerase was made up of two main sections, a 
polymerase domain and a 5’-3’ exonuclease domain. Studies have shown that this 
exonuclease domain takes part in interactions with the template DNA of a PCR reaction, 
since mutants without this domain show less processivity [Wang 2004, Murali 1998]. The 
fusion of both the original Taq and the mutant Taq to Sso9d showed increased processivity. 
The author suggests that the increase in processivity is due to the Trp24 residue of the 
SSo7d protein and the fact that this Trp24 residue plays multiple roles in the binding to ds 
DNA [Wang 2004, Gao 1998].  
The above polymerase design is an example of what is called domain swapping or domain 
tagging  [Motz  2002, Davidson 2003, Bedford 1997], in which domains from different 
enzymes are combined to express desirable traits from each component. Some of the best 
results were produced by the flexible attachment of nonspecific DNA binding domains of 
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other enzymes to the catalytic domains of the polymerase [Pavlov 2002, Belova 2001, 
Wang 2004]. This creates hybrid enzymes that have a high processivity even in the 
presence of high concentrations of salts and other PCR inhibitors [Pavlov 2004]. Another 
way to improve processivity of Taq polymerase is by site-directed mutagenesis, which is 
the intentional change in a DNA sequence. In one study, a change made by replacing 
Phe667 with Tyr, led to an increase in processivity [Pavlov 2004]. 
In addition to increasing processivity, researchers have also been interested in creating 
inhibitor resistant polymerases. One study showed that an N-terminal 278 amino acid 
deletion of Taq (Kletaq1) along with mutations at codons 706-708 of both Kletaq 1 and 
wild type Taq increased the resistance of these polymerases to various inhibitors commonly 
found in crime scene samples such as haemoglobin, lactoferrin IgG soil extracts and humic 
acid. This polymerase was among several inhibitor resistant polymerases tested showing a 
resistance to an overloading of intercalating dyes [Kermekchiev 2009].   
A proven method for cultivating polymerases for enhanced inhibitor resistance is 
compartmentalized self-replication (CSR). CSR works like a feedback loop where the 
polymerase replicates only its own encoding genes (self-replication). This process occurs 
in spatially separate, noncommunicating compartments formed by a heat-stable water-in-
oil emulsion. This compartmentalization permits the genotype to be traced or linked to its 
corresponding phenotype, as each polymerase is only replicating its own encoding genes 
and not those of other polymerases or components that are contained in the other 
compartments. This means that any mutations that occur in the polymerases in order to 
adapt to their environment will be replicated for the next generation and in this way the 
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polymerases will become less affected by inhibitors with each generational mutation that 
occurs [Ghadessy 2007]. Using this method in a multicomponent inhibitor cocktail a 
number of different chimeric polymerases were tested for inhibitor resistance by Baar 
[Baar 2011]. In his study Baar found that polymerases labelled P4F12 (Hu1) and P6F3 
showed the best resistance to peat extract (an 8-fold increase), both polymerases shared a 
similar design where their N-Terminal and C-terminal regions came from Tth polymerase 
while the protein core was originally from Taq polymerase. They both also contain in their 
main polymerase region a section derived from Tfl and a number of point mutations. When 
looking at polymerases resistant to bone powder Baar found that the chimeric polymerase 
2D9 performed the best, this polymerase was unique in that in contained an array of 
sections from a number of different polymerases including: T. thermophiles, T. oshimai, 
T. brockianus and Taq which granted it resistance to the inhibitors present in bone samples.  
The polymerases used in the research presented in this manuscript were Z-Taq polymerase 
(Takara Bio, Clontech Laboratories, Inc., Mountain View, CA) and Omnitaq (DNA 
Polymerase Technology, Inc., St. Louis, MO).  Z-Taq, supplied with 10 X Z-Taq buffer 
and 2.5mM dNTP mixture, had previously been shown in studies by Aboud [Aboud 2013] 
to provide optimal peak balance at high amplification rates when compared to other DNA 
polymerases [Gibson-Daw 2017] Z-Taq is a mutated Thermococcus kodakarensis 
polymerase with alterations in its EXO I and 3’-5’ exonuclease regions, leading to a more 
rapid amplification without proofreading capabilities or the need for activation steps 
[Imanaka 2001]. This enzyme was also engineered to have a high processivity (over 5X 
speed of regular Taq which has a processivity of 60 nt/s) while retaining high fidelity 
[Imanaka 2001, Wang 2004].    Omnitaq, supplied with 10 X Taq buffer and PEC-1 buffer 
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is a double mutant (meaning it has two mutations in genes of interest) of Taq polymerase 
that makes the enzyme resistant to the inhibitory effects of blood, soil and more, while 
having a high processivity of 120 nt/s. The use of this polymerase may permit direct 
amplification from biological sample with no prior extraction step [DNA Polymerase 
Technology Website].
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CHAPTER VI. SAMPLE ANALYSIS BY ELECTROPHORESIS 
A. Gel Electrophoresis  
Gel electrophoresis consists of a slab of agarose or acrylamide polymer gel containing a 
number of small indentations known as wells, in which the samples will be placed. The gel 
is placed in an electrophoresis tank, filled with buffer solution, and is attached to an anode 
at one end and a cathode at the other. Voltage is next applied to create an electric field. 
Once the electric field is generated, the negatively charged DNA fragments (STRs) move 
through the entangled gel matrix away from their beginning position near the cathode and 
toward the anode, attracted by its positive charge. The smaller DNA fragments will migrate 
faster than their larger counterparts and the rate of fragment migration depends on the 
composition of the gel and on the strength of the electric field. Each fragment will show 
up as a dark band when observed under UV light or as a coloured band if a dye has been 
added to the product before running the gel. The resulting bands and their position can be 
used to determine the size (in bp) of each fragment and create a barcode like profile that 
can be compared to others of known sources [Butler 2009]. An example can be seen in 
Figure 1.2. 
B. Capillary Electrophoresis (CE)  
Early analysis of STRs was performed using slab gel electrophoresis but this was later 
replaced by capillary gel electrophoresis (CE), in which the DNA fragment separation 
occurs in small diameter (50-100 μm) silica glass tubes [Jorgenso 1981, Mikkers 1979] 
(36-50 cm long) filled with a viscous polymer matrix (generally polyacrylamide). This 
polymer fills the capillary and coats its walls reducing electroosmotic flow (EOF) while 
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also separating the DNA fragments by size as they migrate through the capillary drawn, 
drawn though the capillary by the application of an electric field and detected through a 
window etched in the capillary [Butler 2009]. Early systems used UV detection methods 
but this was quickly replaced by laser induced fluorescence [Swerdlow1990, McCord 
1992].  In 1995 the ABI Prism 310 Genetic Analyzer was introduced to the commercial 
market and was quickly installed in many crime laboratories. This system was with 
simultaneous multi-wavelength laser induced fluorescence detection which permitted its 
use with STR multiplexes where multiple loci could be detected at once if labelled with 
different fluorescent dyes resulting in faster run times, increased throughput and higher 
power of discrimination. The fluorescence emitted by the dyes attached to the DNA 
fragments is plotted as relative fluorescence intensity (as RFUs) as they pass the detector. 
  
  
 
Fig.6.1 On the left schematic of the ABI Prism®310 Genetic Analyzer. On the right schematic of the 
ABI Prism®310 Genetic Analyzer Autosampler, a mobile sample tray that presents sample, buffer, 
wash water and waste to the capillary as needed. Injection occurs by the electrode attracting the DNA 
molecules to it where they then get taken up into the capillary and move towards the anode separating 
by sizes as they navigate the polymer matrix before being detected by laser fluorescence detection. This 
data gets turned into peaks on the electropherogram which gives the resulting profiles commonly used 
in forensic DNA analysis. Image recreated by author, original by Watts 2001. 
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The small internal diameter of the capillaries requires very small amounts of sample (~1μl), 
and permits faster run times. Another advantage to using CE is the ease with which the 
process can be automated at both the injection and detection stages. 
CE results were first deemed admissible in court in 1996 [Kuffner 1996] and have been 
used in the analysis of gunshot and explosive residues and drugs as well as for DNA typing 
[Northrop 1994] and the sequencing of the human genome [Carson 1993]. 
B.1. Sample Preparation  
Once amplified the DNA fragments present in the PCR product need to be separated and 
visualized using CE. To do this the PCR product is added to a mixture of deionized 
formamide (Hi-Di formamide), which reduces the ionic strength of the sample relative to 
the buffer while also denaturing the dsDNA to ssDNA.  An internal lane standard (ILS) is 
also added to permit fragment size detection. In the past water was used instead of 
formamide and the sample rapidly heated and then snap cooled on ice to reduce the amount 
of dsDNA in the sample [Williams 1994] but with the change from water to deionized (Hi-
Di) formamide this rapid and cooling step was no longer necessary. It is important that the 
conductivity of the formamide used be routinely checked as formamide degradation 
produces negatively charged by-products such as formic acid. This can compete with the 
DNA and be preferentially injected into the capillary of the CE instrument, negatively 
impacting the resulting resolution of the sample peaks [Buel 1998]. A formamide 
conductivity of <100 µS/cm has shown to give optimal performance while reducing 
amount of freeze and thaw cycles to minimize the possibility of degradation [Butler 2004, 
Butler 2011]. 
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 Once the sample is prepared, data collection software is utilized to automate analysis and 
recording of results. 
B.2. Injection  
The most common method of introducing the sample into the capillary is through 
electrokinetic injection. This works by placing the capillary in close proximity to the 
electrode and immersing them both into the sample tube while a voltage is applied for a set 
period of time. Under these conditions the negatively charged DNA fragments in the 
sample flow towards the positive charge of the electrode where they move into the 
capillary. The amount of DNA injected into the capillary in this manner can be calculated 
by Equation 6.1 as it is dependent on the electric field that is applied (E), the injection time 
(t), electrophoretic mobility (µEP), electroosmotic flow (µEOF) the concentration of DNA in 
the sample, the area of the capillary opening (πr2), the ionic strength of the sample (λsample) 
and the ionic strength of the buffer (λbuffer) [Sinha 2002, Liu 2009, Mitnik 2002, Kan 2004]. 
  
[𝐷𝑁𝐴𝑖𝑛𝑗𝑒𝑐𝑡𝑒𝑑] =
𝐸𝑡(𝜋𝑟2)(𝜇𝐸𝑃 + 𝜇𝐸𝑂𝐹)[𝐷𝑁𝐴𝑠𝑎𝑚𝑝𝑙𝑒](𝜆𝑏𝑢𝑓𝑓𝑒𝑟)
𝜆𝑠𝑎𝑚𝑝𝑙𝑒
 
Equation 6.1 Estimation of amount of DNA injected into a capillary by electrokinetic injection. 
As indicated by equation 6.1, the amount of sample injected can be controlled by modifying 
the voltage or the injection time. Poor injection will result from the presence of competing 
ions such as chloride ions (CL-), as the amount of DNA injected is inversely proportional 
to the ionic strength of the sample. 
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PCR products diluted in low conductive formamide have reduced ionic strength when 
compared to the CE buffer used. As the sample is introduced into the highly conductive 
environment within the capillary, a phenomenon known as field amplified injection or 
sample stacking occurs. In sample stacking a narrow band of the analyte is concentrated at 
the interface between the low conductive sample (high electric field) and the high 
conductive buffer (low electric field). This phenomenon occurs due to mobility differences 
between the two zones and leads to improved sensitivity of injection [Sinha 2002].  
When a voltage is applied the speed at which the charged DNA fragments and other ionic 
molecules migrate towards the electrode is directly proportional to the combination of the 
electrophoretic mobility (µEP) and electroosmotic mobility field (E). Electrophoretic 
mobility (described in equation 2) increases with the decrease in frictional force (f) in the 
buffer, which is related to the viscosity of the medium and the size of the analyte. Equation 
2 also indicates that mobility of the ions is affected by charge to size ration where the net 
charge (q) is inversely proportional to the mobility and directly related to the radius of the 
ion (r). 
𝜇𝐸𝑃 =
𝑞
𝑓
=
𝑞
6𝜋𝜂𝑟
 
Equation 6.2 Electrophoretic mobility. Shows factors affecting the rate at which the DNA fragments migrate 
towards electrode. 
 
B.3. Separation  
DNA fragments are sieved through the capillary once a voltage is applied, with the smaller 
fragments moving faster than the larger fragment through the capillary due to the larger 
fragments being delayed more by the sieving matrix.  It is important to use a method that 
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yields the best separation and resolution in the shortest time. This is achieved by 
optimization of the capillary, the sieving matrix and the buffer used for CE. 
 
B.3.1 Capillary 
Current methods for separation of DNA fragments occur in a hollow fused silica capillary. 
This capillary is usually between 25-75 cm in length (most commonly 47 cm), with a 50-
100 µm internal diameter (ID), and is coated on the outside with polyimide to increase 
strength and durability (Figure 6.2). Fused silica capillaries dissipate heat very efficiently 
[Weinberger 2000] which combined with a small ID (usually 50 µm) permit the usage of 
high voltages (up to 15-25 kV) with minimal joule heating and little to no loss of resolution. 
Joule heating refers to the heat that is generated when an electric current flow through 
another resistive medium, in this case that would be the polymer and low joule heating 
allows for increased speed of separation.  
Electroosmotic flow (EOF) will greatly affect the separation of DNA fragments in the case 
of uncoated silica capillaries due to the residual silanol groups on the silica surface. At a 
pH >5 the hydroxyl groups on the silanol molecules undergo ionization to SiO- and attract 
the cations from the buffer solution, interacting with them electrostatically [Camilleri 
1998]. An electrical double layer is created (Figure 6.2) with the outer layer being mobile 
and moving slowly towards the negative electrode (when electric field is applied) while the 
inner layer remains stationary [Butler 2011]. This is problematic for reproducibility as it 
causes differences in the separation velocities of the DNA fragments from run to run. This 
EOF can be reduced by coating the interior of the capillary walls with the linear polymers 
of the sieving matrix. 
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Fig.6.2 On the left a schematic of a fused silica capillary with polyimide coating on the outside and a 
50µm internal diameter. On the right, a schematic of the interior of the silica capillary with the silanol 
groups along the wall surface. Coating of the wall surface can reduce the electroosmotic flow. Image 
created by author. 
In each capillary, a small transparent optical window is burned through the polyimide 
coating allowing the laser to penetrate the capillary and excite the dye labels of the DNA 
fragments while also permitting the resulting fluorescence to be captured by the detection 
device [Yeung 1991, Butler 2011]. 
B.3.2 Sieving Matrix 
The sieving matrix is the most important factor in achieving fast, high resolution separation 
of DNA fragments, due to the fact that DNA mobility is independent of [Olivera 1964]. 
The sieving matrix can be prepared from a number of different polymers or mixtures of 
polymers. Early CE methods utilized agarose or cross-linked polyacrylamide gels. These 
however were difficult to prepare and could not be reused [Barron 1995 a,b] and were later 
replaced by the development of aqueous polymer solutions. The polymer acts as a sieve 
for the DNA fragments as they migrate through the capillary. The method by which these 
interactions and sieving occurs is not fully understood however there are two simplistic 
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models that effectively describe this mobility of the DNA through the polymer matrix, 
known as Ogston sieving and reptation. Ogston sieving, first described in 1958 describes 
the movement of spherical particles through a mas of fibres [Ogston 1958]. When applied 
to the separation of DNA fragments this would assume that these fragments were in a 
spherical form with a set radius of gyration as they migrate through the polymer matrix 
[Rodbard 1970]. The smaller fragments of DNA will have smaller radii of gyration 
allowing them to move more freely through the pores created by the polymer entanglement, 
while the larger fragments with their larger radii of gyration will be more hindered as they 
progress through the polymer [Grossman 1991 a,b]. Movement of the DNA fragments 
through the polymer is thus determined by both the size of the fragments and the size of 
the pore created by the polymer strands, which is determined by the concentration of the 
polymer and its molecular weight in solution. The concentration of polymer in solution 
must be high enough that the strands interact with each other to form an entangled matrix 
but not so high that they form a conglomerate that the DNA fragments would not be able 
to pass through 
Another theory of how the DNA migrates through the polymer matrix is the reputation 
model. This model is used to describe situations when the DNA fragments have a radius 
of gyration larger than the pore size of the entangled polymers. These fragments under the 
Ogston model would not fit through the pores in the matrix and so they would not separate. 
The reputation model suggests that in these cases the DNA would unwind and thus move 
through the pores in a snake-like manner [Butler 2005], which leads to the mobility of the 
fragments being related to their length once unwound (Equation 6.3). 
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Equation. 6.3 Reptation model equation showing the relationship between the length of the DNA fragment 
and its mobility. μ is the mobility of the DNA molecule and L is the length of the fragment.  
 
Equation 6.3 can be adapted to incorporate the effect of field strength on the DNA 
molecule, which increased field strength causing the DNA to elongate to a rod like shape 
(Equation 6.4) [Grossman 1991]. As can be seen from equation 6.4, with this increase in 
field strength the length of the DNA fragments becomes less important in their overall 
mobility. 
 
Equation 6.4 Adapted reputation model equation to account for increase electric field strength. Where b is a 
function of the pore size and E is the electric field strength. 
 
Both models are able to predict the separation of the DNA fragments through the polymer 
matrix but each on its own does not explain how this separation occurs in dilute polymer 
solution. In order to explain this a combination of these models must be used.  
B.3.3 Buffer  
The buffer composition and concertation used in conjunction with the sieving matrix plays 
a critical role in DNA fragment separation, as its contents are responsible for the solubility 
of the DNA, the ionic strength of the solution as well as its denaturing capability and pH. 
These in turn affect the quality of injection and the current flow. Electroosmotic flow 
(EOF) is highly sensitive to changes in pH of the buffer solution [Rose 1998]. 
 
m = 1
L
m = 1
L( ) +bE
2
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𝜇𝐸𝑂𝐹 =
∈ 𝜁
4𝜋𝜂
 𝐸 
Equation 6.5. Electroosmotic flow (EOF). Rate at which sample moves through capillary 
 
In Equation 6.5, ∈ is the buffer’s dielectric constant, η is the viscosity of the buffer, E is 
the field strength and ζ is the zeta potential at the interface of the capillary and the buffer 
solution. 
The pH also determines the degree of ionization of the silanol groups present on the 
capillary walls, so at high pH these become fully ionized resulting in increased 
electroosmotic mobility. Th pH can also change the state of the DNA and affect its mobility 
[Hartzell 2005]. 
Increasing buffer concentrations can help contain EOF [Rose 1998] due to the inverse 
relationship between the rate of EOF and the ionic strength of the buffer, but if the 
concentration is too high then the current to can increase too much leading to excessive 
heating and poor resolution of DNA fragments. If the buffer concentration is too low the 
EOF is also low which results in long retention times leading to broad peaks and poor 
restoration of the capillary due to diffusion.  
Capillary electrophoresis relies on the creation of an electrical current which requires 
buffer reservoirs at both the cathode and the anode. These reservoirs should be periodically 
refreshed with new buffer to avoid changes in the concentration between the two, which 
can arise from degradation of ions during the runs and can lead to current problems. The 
buffer used is normally created with similar components as the sieving matrix employed. 
The purpose of the buffer is to stabilize the pH while also adding EDTA to chelate metals, 
urea and pyrrolidine to denature the DNA and salts to help regulate EOF.  reduce chemical 
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interaction between compounds. Most commonly the buffer composition used consists of 
100mM 3-[[1,3-dihydroxy-2-(hydroxymethyl)propan-2-yl]amino] propane-1-sulfonic 
acid (TAPS) (Figure.6.3), with the pyrrolidinone and urea acting as denaturants. The 
addition of 1mM ethylenediaminetetraacetic acid (EDTA) (Figure.6.3) to act as a chelating 
agent removing metals from the solution is also commonly observed. The buffer is then 
adjusted to a pH of 8 with sodium hydroxide [Butler 2006, Butler 2011]. It is important to 
note that the compounds and any additives used must be stable at the high denaturing 
temperatures employed during CE (60°C). 
 
 
Fig.6.3 Chemical structures of TAPS and EDTA, the two main components of the buffers used in 
capillary electrophoreses for the separation of DNA fragments. 
 
B.4. Sample Detection 
 The primer pairs used in forensic STR analysis are labelled with fluorescent dyes which 
are covalently bonded to the 5’ end of the forward primer. These labels allow the DNA 
fragments produced during PCR to be detected by laser-induced fluorescence (LIF) when 
they flow through a window burned into the wall of the capillary. The laser used to excite 
the dyes is a single argon-ion laser at 488 nm, and the dye labelled amplicons emit at 
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multiple wavelengths ranging from 520-680 nm. These emissions of the excited 
fluorophores are recorded by a charge coupled device (CCD) camera allowing for the 
discrimination between dyes [Butler 2004] that fluoresce in different regions of the 
spectrum. A deconvolution of the signal is utilized to isolate the spectral contribution of 
each dye. This calculation relies on the linear relationship between fluorescence and the 
concentration of the DNA fragments and permits the relative concentration of each dye to 
be determined at a given wavelength. Excess fluorescent signal creates a non-linear 
condition producing cross over of the dye signal into neighbouring lanes. This produces 
artefactual peaks which show up in neighbouring dye lanes as small peaks. The artefacts 
produced by this process are known as “pull up” [Butler 2009]. 
B.5. Interpretation  
The spectral data collected is transformed into a multi-coloured electropherograms which 
are then analysed using the GeneMapper® Analysis software (Applied Biosystems, 
Valencia, CA) [Capt 2005].  
This software takes the raw data and determines the size of each STR allele by plotting it 
on a standard curve made from the data received from an internal size standard (ILS). 
Determining allele size by comparison to the ILS using the local southern or the global 
southern methods curve fitting [Butler 2011]. These methods differ in that the local method 
uses an interpolation method by using two size peaks before and two size peaks after the 
unknown allele to calculate its size, while the global method uses all of the ILS peaks to 
calculate the unknown alleles size by regression analysis [Hartzell 2003]. 
Once the alleles are sized STR genotyping can then be performed by comparing the allele 
sizes in each sample to those present in the allelic ladder [Schumm 1997] and inserting 
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them into virtual labelling bins, created by the user or commercial kit developer, for those 
alleles. These bins represent the possible size range for each allele. They must be of 
sufficient width to encompass statistical variations in allele size. An allelic ladder 
composed of known alleles is used to adjust bin positions, which can vary slightly between 
runs due to changes in mobility. The result of the software analysis is a genotype of the 
DNA contributor which can be compared to other known profiles or uploaded into a 
national or international database for comparison.  
C. Microfluidic Separation 
An alternative to capillary based analysis is electrophoresis by microchip. This technique 
is performed using glass on plastic chips in which small channels are etched or embedded 
on the substrate. The electrophoresis mechanism is similar to CE but has an improved 
injection process which decreases peak width and reduces run time. The microchips are 
typically only used once as they are difficult to refill. For these chips to work efficiently it 
is important that the design of the channels and the viscosity of the sieving matrix be 
optimal. If the channels are too small or the polymer to viscous then the chip cannot be 
properly loaded. If channels are too large this can lead to excess diffusion resulting in poor 
separation. Commonly used substrates for microchips include glass, silica, 
polydimethylsiloxane (PDMS) and polymethyl methacrylate (PMMA) [Horseman 2007]. 
The channels etched into the substrate are usually 2-20 cm long, 4-100 μm wide and 10-30 
μm deep [Heller 2002]. These dimensions can vary depending on the needs of the 
manufacturer and the desired resolution. 
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Injection of sample is performed using a crossed T or a double T intersection (Figure 6.4) 
[Thomas 2004]. The design of the chip is chosen based on the amount of sample desired to 
be injected. Injections can occur by either a gated or a pinched mechanism. The gated 
mechanism is used when sample injection needs to occur continuously. This is 
accomplished by the chip having a crossed T design where continuous flow perpendicular 
to the injection channel pushes the sample directly to the waste with none entering the 
separation channel. This flow is stopped and sample then enters the separation channel and 
the flow started again (in this way the amount of sample injected can be controlled by 
however long the perpendicular flow is stopped [Landers 2008]. 
A pinched injection, is more common in the double T design. In this type of injection, the 
sample is held between the sample and waste wells by a “push back” voltage pulling the 
sample backwards and preventing it from entering the separation channel. This is important 
because if some of sample enters the separation channel too early (while the rest of the 
sample is still being injected) it could lead to peak broadening and decrease of resolution 
[Landers 2008]. 
 
Fig.6.4 Schematic of two types of microchip design. On the Left, is shown the most commonly 
used Crossed-T Intersection, while on the right is shown the Double-T Intersection which 
allows for multiple rapid injections. Image recreated by author, original by Aboud 2012. 
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The filling of the microchip channels is accomplished with the aid of either a vacuum or a 
syringe to ensure no bubbles are present. Care must be taken to avoid bubble formation as 
this can block the channels necessary for injection and separation and interrupt the 
conductance.  
Applied voltages are used in ME to control sample injection and migration of the DNA 
fragments while detection is achieved through laser induced fluorescence. A schematic of 
a pinched, cross-tee injection can be seen in Figure 6.5.  
 
Fig.6.5 Schematic of a crossed-T microchip using a ‘pinched injection’ with pull back voltages. 
Separation occurs once the sample migrates through the separation channel. Same as in CE the DNA 
fragments separate by size due to their interaction with the entangled polymer matrix. Detection occurs 
using laser induced fluoresce of fluorescently labelled primers of the fragment [Aboud 2012]. Image 
recreated by author, original by Aboud 2012. 
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An example of a microfluidic electrophoresis system is shown in Figure 6.6. The main 
components of this method are microfluidic chips, which are glass plates containing 
etched-in 1.8 cm long separation channels of µm scale [Aboud 2013]. These glass plates 
are glued to a plastic caddy providing wells for the application of the samples. The system 
utilises a voltage of 1500 V for sample separation and a single excitation wavelength of 
532 nm with emission wavelengths of 575 and 670 nm for sample detection. 
 
Fig.6.6 On top is the Agilent 2100 Bioanalyzer. the bottom images are schematics of the microchip used 
with the 2100 Bioanalyzer for microfluidic electrophoresis. (A) Image of the chip as seen by user (actual 
size), showing wells marked 1-12 along with 3 G wells and a final well for the ladder. (B) view of the 
inside the chip with the dark green lines indicating the microchannels etched into the glass pane. 
Adapted from archimede.bibl.ulaval.ca. 
 
106 
 
The low volume of reagents and sample used allows for run times of 80s per sample. While 
the small size of the instrument facilitates its portability, leading to its possible use for on-
site sample analysis [Aboud 2015].
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CHAPTER VII. DEVELOPMENT OF RAPID MICRFLUIDIC ANALYSIS OF A 
Y-STR MULTIPLEX FOR SCREENING OF FORENSIC SAMPLES. * 
A. Introduction  
It is often important to rapidly screen suspects who may have been involved in a crime, 
especially when time is of the essence or when large numbers of samples may need to be 
quickly processed.   These situations create a need for rapid screening of DNA samples.  
While current DNA typing methods provide the best biometric information yielding 
identity, kinship and geographical origin, they are not sufficiently fast to permit 
identification of a suspect’s DNA in real time.  Rapid polymerase chain reaction (PCR) 
procedures [Vallone 2008, Vallone 2009, Giese 2009] can greatly speed the processing 
time of forensic samples [Verheij 2012] because of the high processivity of newly designed 
fast polymerases, particularly when combined with newly developed rapid thermocyclers 
and microfluidics. The decrease in processing time and minimal use of reagents can lead 
to improved processing of forensic samples [Vallone 2008, Vallone 2009, Aboud 2013]. 
However, the current generation of rapid PCR systems are expensive to utilize, and most 
require an extraction step prior to analysis [Mapes 2016]. We have found that the speed of 
these analyses can be greatly increased by utilizing a smaller set of PCR amplicons along 
with new fast polymerases and fast thermocyclers [Aboud 2013]. When used for sample 
screening, such a system could rapidly triage different suspects, excluding those not 
involved in criminal activities.  Furthermore, such a system could be useful in situations 
                                                          
* This chapter has been published: Gibson-Daw G, Albani P, Gassmann M, McCord B. Rapid microfluidic 
analysis of a Y-STR multiplex for screening of forensic samples. Anal. Bioanal. Chem. 2017;409(4):939–
47 
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such as mass disasters where it is necessary to search for close relatives or to analyse 
evidence that is comingled.  Thus, having the capability to perform Y chromosomal short 
tandem repeat (Y-STR) typing rapidly could be very useful.  It was the goal of this project 
was to develop a rapid method for screening male DNA samples. The use of microfluidics 
in place of regular capillary electrophoresis (CE) methods permits analysis to be performed 
in under 80 seconds. 
Y-STRs were chosen for this project as they are present only on the male chromosome, 
which means that in mixtures of male and female DNA separation of the two would be 
unnecessary. Also in situations in which there is a large excess of female DNA it is often 
difficult to obtain a clear autosomal male profile [Redd 2002].  Y-STRs show a high level 
of diversity when compared to other genetic polymorphisms, because of their high 
mutability [Ravid-Amir 2010] which has been documented at a range of 10-6 to 10-2 per 
meiotic division [Schlötterer 2009, Leclerq 2010]. These mutations are usually caused by 
slippage of the DNA polymerase during replication [Schlötterer 2009, Payseur 2011], 
leading to insertions or deletions in the Y-STRs repeat motif [Kelkar 2011]. The markers 
selected for this project show a higher polymorphism rate than other Y-STRs and so are 
known as rapidly mutating Y-STRs (RM Y-STRs) [Ballantyne 2012].  These loci should 
prove particularly useful in sample screening where related individuals are present [Redd 
2002].   Recently published work has demonstrated that fast amplification of Y-STRs is 
possible.   For example, Abuidrees et al. have developed a 28-minute amplification of 
rapidly mutating Y-STR markers using Phusion Flash high fidelity polymerase [Abuidrees 
2016], while Kim et al. have successfully demonstrated an integrated system for standard 
Y-STR markers using a slidable chip format that performs a 26-minute amplification [Kim 
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2016]. Our system can amplify a small Y-STR multiplex, suitable for screening evidence 
and suspect samples in 16 minutes.  Subsequent analysis by microchip takes 80 seconds.   
While not integrated, the technology described here is inexpensive to implement and can 
easily be adopted by current forensic laboratories for sample screening using standard 
capillary electrophoresis methods or microfluidics. 
Specially engineered enzymes [Wang 2004, Giese 2009, Kermekchiev 2009], high speed 
thermal cyclers (capable of running 28 cycles in 16 minutes) and microfluidic chip 
electrophoresis [Woolley 1998, Shi 2003, Goedecke 2004, Shi 2006, Hopwood 2010] were 
implemented to process a specifically designed Y-STR multiplex.  The designed multiplex 
included four rapidly mutating (RM) Y-STRs DYS526a/b, DYS576, DYS626, and 
DYS570 between 137 and 402 bp in size, with mutation rates of   10-2 per meiosis or 
greater.  By using off the shelf instruments and commercially available enzymes it was 
possible to create a procedure that acts as a quick, highly informative sample screening 
process that also retains sufficient DNA for later manual processing using standard STR or 
Y-STR kits.  
In the first phase of this study we designed a 4 loci Y-STR multiplex and utilized both a 
conventional 310 CE as well as a beta version of a denaturing microfluidic electrophoresis 
(ME) system provided by Agilent Technologies. The equipment was tested on control 
DNA standards 2800 M DNA and 9948 DNA (Promega) as well as with donated saliva 
samples from 20 adult males. The multiplex was next analysed using a rapid PCR protocol, 
using rapid polymerase Z-Taq (Takara) and the Philisa rapid thermocycler (Streck) in an 
effort to optimize the speed and balance of the rapid amplification. We then optimized the 
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different aspects of this procedure such as concentrations of different reagents, number of 
cycles, annealing temperatures, and time spent at denaturing, annealing and elongation 
steps. This was then coupled with microfluidic separations to further reduce sample 
analysis times to under 25 minutes. A sensitivity study to determine the lowest 
concentration of input DNA needed for successful amplification was also completed. The 
results of this study demonstrate a new application of rapid PCR and microfluidic 
separation for the analysis of Y-STRs for suspect screening.   
B. Methods and Materials 
B.1. DNA Samples 
Male DNA standards 2800 and 9948, were obtained from Promega (Madison, WI, USA) 
and used at a concentration of 1ng/μL. These were then used as positive controls for the 
genotyping process. A test population was obtained from 20 individuals using Sterile 
Cotton Tipped Applicator swabs from Puritan Medical Products (Guildford, ME, USA) to 
swab the inside of their cheeks and extracted by PCIA [Budowle 1990, Comey 1994]. This 
method of extraction usually yields from 3-50 ng/ μL of DNA but for reasons of developing 
a rapid method the samples in this study were not quantified after extraction. The collection 
and analysis of these samples was approved by the Institutional Review Board (IRB) at 
FIU, under the reference number #101831. 
B.2. RM4 multiplex and Primer sequences 
A multiplex containing rapidly mutating Y-STRs (RM4) was used for these experiments 
(Figure 7.1.). This multiplex was assembled from 5 rapidly mutating (rates of 10-2 per 
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meiosis or greater) Y-STRs. The selected loci showed a mixture of simple 4 base repeat 
motifs and complex repeat motifs, these included DYS526 a/b, DYS576, DYS626, and 
DYS570. While 5 loci were amplified only 4 primer sets were used, due to the fact that the 
primers designed for locus DYS526 bind to two separate locations on the chromosome 
(therefore these loci are known as DYS526 a and DYS526 b respectively). The loci 
combined in the RM4 multiplex were selected on the basis of size so that when multiplexed 
their allele ranges would not overlap with one another (Figure. 7.1.) while also allowing 
the mixture to be run on both the Applied Biosystems ABI 310 and the Agilent 
Bioanalyzer. Additionally, when combined these loci had sufficient discriminatory power 
to screen samples. The primers associated with these loci were labelled with the TAMRA 
fluorescent dye and can be seen in Table 7.1. along with details of the loci including repeat 
motif, size range, alleles size range and the genetic diversity for each locus. 
 
 
 
Fig.7.1 Size range of each loci included in the RM4 multiplex 
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Table 7.1 Loci used in multiplex, the repeat motif of each loci, forward and reverse primer sequences 
used to amplify each locus, product size, allele ranged and genetic diversity of each locus [Butler 2006, 
Zhang 2014, Alghafri 2015]. 
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B.3. Thermal Cycling and Rapid Polymerase 
The thermal cycler used in this research was the Philisa from Streck (Nebraska, US), see 
Figure 5.1. The Philisa has a cooling rate of 12ºC/s and a heating rate of 15°C/s. This 
instrument is comprised of an 8-well low thermal mass silver sample block and has 
dimensions of 285 mm x 202 mm x 215 mm, with a weight of 7.5 lbs making it easy to 
transport and field friendly as it can also be controlled by either a desktop or laptop 
computer. By using a dual Peltier module for heating and cooling the Philisa® achieves 
heating rates of 15ºC/s and cooling rates of 12ºC/s. The instrument produces high 
temperature ramp rates using flat thin walled 50 µL polypropylene tubes containing a 
relatively high surface to volume ratio (Figure 5.1).  This aids in heat transfer from the 
silver block to the PCR mix. 
For this study Z-Taq polymerase (Takara Bio, Clontech Laboratories, Inc., Mountain View, 
CA), supplied with 10 X Z-Taq buffer and 2.5mM dNTP mixture, was used which had 
previously been shown in studies by Aboud [Aboud 2013] to work well for achieving 
ultrafast PCR amplifications due to its high processivity (over 5X speed of regular Taq) 
and high fidelity [Wang 2004, Kermekchiev 2009, de Vega 2010].   
B.4. PCR Optimization 
B.4.1. Testing of multiplex 
Preliminary testing of the RM4 multiplex was amplified in a 50 µL total volume master 
mix. The master mix was made up of 1 X Ramp-Taq buffer (Promega), 2 mM MgCl2, 0.6 
mM each dNTPs (Promega), TAMRA fluorescently labelled primers at concentrations of 
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0.72 µM DYS526, 0.19 µM DYS570, 0.48 µM DYS576 and 0.60 µM DYS626 (IDT), 1.25 
Units/50 µL of Ramp-Taq polymerase (Promega). 1 ng of DNA was added and the mix 
amplified with the following cycle conditions using a GeneAmp system 9700 with a ramp 
rate of 5ºC/s (Applied Biosystems): 95ᴼC for 10 mins, 25 cycles of 94ᴼC for 30 s, 60ᴼC for 
30 s, 75ᴼC for 25 s, then a final extension step of 72ᴼC for 7 mins.  
B.4.2. Optimization of Master Mix  
Once the RM4 multiplex was successfully tested the master mix was optimized for faster 
amplification speeds and lower total volume (Table 2). Amplification was performed on a 
Philisa thermocycler (Streck) using the following cycling conditions: 25 cycles of 94ᴼC for 
30 s, 60ᴼC for 30 s, 75ᴼC for 25 s. PCR products were then run on the ABI 310 Following 
directions seen in section B.8.1. 
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 Table 7.2. Master Mix Optimization. Total volume 10 µL 
Master 
Mix 
2.5 U/ µL Z-
Taq (µL) 
Primer 
Mix 
(µL) 
10X Z-Taq 
Buffer (µL) 
2.5 mM 
dNTPs 
 (µL) 
20 mg/mL 
BSA (µL) 
25 ng 
DNA 
(µL) 
Water 
(µL) 
A 0.3 2 2 0.8 0 1 3.90 
B 0.2 2 2 0.8 0 1 4.00 
C 0.2 1.5 2 0.8 0 1 4.50 
D 0.3 1.5 2 0.8 0 1 4.40 
E 0.25 2 2 0.8 0 1 3.95 
F 0.25 2 2 0.8 0 1 3.45 
G 0.25 2 2 0.8 0.5 1 3.40 
 
Table 7.2 Shows the Master mix reagent combinations and concentrations. Concentrations of Z-Taq 
Polymerase and primer mix were varied to determine the optimum concentrations of these reagents. 
G also has the addition of BSA to help counteract any inhibition from the sample. 
 
B.4.3. Optimization of Cycling Conditions 
Amplification was performed on the Philisa thermocycler (Streck) using a variety of 
different annealing temperatures. The annealing temperatures tested with Master Mix A 
were 70ᴼC, 65ᴼC, 62ᴼC, 60ᴼC, 58ᴼC. In addition, the initiation step and the final elongation 
step were removed to speed up the amplification time, the denaturing temperature was 
increased to 95°C and the elongation temperature lowered to 72°C. Time at each cycle was 
decreased 1 s at a time until optimal conditions were determined and cycle number was 
increased. These optimal conditions included heat denaturation at 95 °C for 5 s, followed 
by 29 cycles of 98 °C for 5 s, 62 °C for 9 s and 72 °C for 12 s, yielding amplification in 16 
min and 11 s. PCR products were then run on the ABI 310 Following directions seen in 
section B.8.1. 
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B.5 Rapid PCR Amplification 
The final conditions for the optimized process used in all subsequent studies in this chapter 
were: 9 µL of Master Mix A with 1 µL of control DNA or DNA extracted from the 
volunteer’s cheek swabs to give a total volume of 10 µL. This master mix included 2 µL 
10 X Z-Taq buffer (Takara Bio), 0.8 µL 2.5 mM each dNTPs (Takara Bio), 2 µL Primer 
mix (IDT), 3.9 µL of H2O and 0.3 µL of 2.5 U/µL Z-Taq polymerase (Takara Bio). Final 
concentrations per 10 µL reaction were 2 X Z-Taq buffer, 0.2 mM each dNTPs, primers: 
0.72 µM DYS526, 0.19 µM DYS570, 0.48 µM DYS576 and 0.60 µM DYS626 and 0.075 
U/10µL Z-Taq polymerase. Amplifications were performed on a Philisa thermocycler 
(Streck) in just over 16 min. Optimal conditions were 29 cycles of heat denaturation at 
95ᴼC for 5 s, followed by an annealing at 62ᴼC for 9 s and elongation at 72ᴼC for 12 s. 
PCR products were then run on the ABI 310 Following directions seen in section B.8.1. 
B.6. Sensitivity Study of Rapid Amplification 
To test the sensitivity of the system a range of input DNA concentrations (9948 standard 
DNA) from 2 ng down to 0.25 ng was amplified using the above optimized method and 
analysed using the ABI 310 for separation and detection. Three replicates of each 
experiment were run on the ABI 310.  
B.7 Mixture of Male and Female DNA 
Mixtures of varying ratios of female to male DNA (9947/9948 DNA standards) were 
created in order to test the system’s capability of generating useable male profiles in the 
presence of an overabundance of female DNA. These females to male ratios ranged from 
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0.25:1 to 40:1, with a consistent input of 1ng of male DNA. Concomitantly, the amount of 
input of female DNA increased according to the input ratio of F:M used. Mixtures were 
amplified and analysed using the same method as seen in section B.5. All experiments were 
run in 3 replicates on the ABI 310 as in previous sections. 
B.8. Separation, Detection and Analysis 
B.8.1 Applied Biosystems ABI 310 Capillary Electrophoresis Genotyper 
All PCR products were analysed using an ABI 310 (Applied Biosystems) by adding 1 µL 
of PCR product to a mixture of 12.5 µL HiDiTM Formamide (Applied Biosystems) and 
0.5 µL internal lane standard (ILS). The ILS used throughout this paper was LIZ 500 
(Applied Biosystems) which is labelled with the orange LIZ dye. The mix was then run on 
the ABI 310 using the following conditions: Polymer used was POP4, Capillary length to 
detector: 36 cm, module GS STR POP4 (1 mL), injection voltage 15 kV, injection time 5 
s, run time 28 min, run temperature 60ᴼC, run voltage 15 kV. Software used for Analysis 
was Genemapper. 
B.8.2. Agilent Technologies Microfluidic Chip Bioanalyzer 2100* 
The modified Agilent Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA) 
equipped with a heat plate and denaturing polymer was used in these experiments and 
compared with the standard ABI 310 (Applied Biosystems, Life Technologies Corporation, 
Carlsbad, CA, USA). In the device, electrophoresis takes place on a glass microchip with 
a 1.5-cm separation channel. Up to 12 samples may be analysed in series, with microfluidic 
                                                          
*  Work completed on Bioanalyzer 2100 and data presented was a collaboration between the author and 
Patricia Albani a former Masters student of the McCord DNA lab. 
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separations of all four loci completed in less than 80 s. Full details of the system are 
provided in previous work by Aboud et al. [Aboud 2013]. The system utilizes a voltage of 
1500 V for sample separation and a single excitation wavelength of 532 nm with emission 
wavelengths of 575 and 670 nm for sample detection. The two fluorescent dyes utilized in 
these experiments were TAMRA and LIZ as their emission wavelengths were compatible 
with the detection capabilities of both the ABI 310 and the Agilent Bioanalyzer. DNA 
amplicons were labelled with TAMRA dye, and the GeneScan LIZ 500 Size Standard was 
used as an internal lane standard in the red channel for sizing precision [Aboud 2015]. The 
chip was prepared by pipetting 15 μL of the denaturing polymer from the Agilent high-
resolution DNA prototype reagent kit, and then pressure was applied with a syringe for 4 
min to allow the polymer to flow through all areas of the chip channels. Fifteen microlitres 
of the polymer was then added to the G and ladder wells. All samples were mixed with 
formamide prior to analysis. A master mix of 150 μL HiDi™ formamide (Applied 
Biosystems), 150 μL green Agilent HR marker buffer and 7.5 μL LIZ 500 Size Standard 
was prepared. Two microliters of the sample were added to 12 μL of this mix, and 6 μL of 
this was then added to the sample wells of the chip with the 12th well holding just the ladder 
sample. Sizes were determined using the peak retention times in an Excel software table 
and comparison to the simultaneously run sizing standard LIZ 500 (Applied Biosystems). 
The results from this system were compared to the conventional CE method using an ABI 
310 (Applied Biosystems). Samples were mixed with formamide prior to analysis. This 
mix consisted of 12.5 μL HiDi™ formamide (Applied Biosystems) and 0.5 μL LIZ 500 
Size Standard per 1 μL sample. Run conditions of ABI 310 are as follows: POP4 used as 
the polymer, capillary length to detector 36 cm, module GS STR POP4 (1 mL), injection 
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voltage 15 kV, injection time 5 s, run time 28 min, run temperature 60 °C and run voltage 
15 kV. The samples used in this experiment were extracted male buccal sample, run in 
duplicate on both this system and the ABI 310 as seen above and the results compared for 
concordance. 
C. Results and Discussion 
Optimisation tests were performed using two DNA standards (2800 male DNA and 9948 
male DNA; Promega) as well as the donated saliva samples from 20 adult males, and 
mixture tests were performed using the 9947 female DNA and 9948 male DNA (Promega). 
The multiplex was next analysed using a rapid PCR protocol, rapid polymerase Z-Taq 
(Takara) and the Philisa rapid thermocycler (Streck) in an effort to optimize the speed and 
balance of the rapid amplification. We then optimised the different aspects of this 
procedure such as concentrations of different reagents, number of cycles, annealing 
temperatures and time spent at denaturing, annealing and elongation steps. A number of 
samples were run on both the ABI 310 and the Bioanalyzer 2100 to test for concordance 
between the two systems. 
C.1 Y-STR multiplex 
The first step in developing this procedure was to create a Y-STR multiplex using specific 
loci that had previously been shown to have high mutability rates. Higher mutation rates 
can lead to improved power of discrimination when comparing samples from multiple 
males, especially if some of these may be related. To do this, we chose four loci that did 
not overlap, and once this was completed, we tested the multiplex with both control DNA 
and extracted saliva samples. The ratio of each primer added to the mixture was optimized 
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in order to obtain the best overall peak balance. Final values of 3:2:0.8:2.5 were used for 
DYS526a/b, DYS576, DYS570 and DYS626, respectively. Figure 2 illustrates an 
electropherogram of the RM4 multiplex. The result demonstrates the successful 
amplification of four separate Y-STR loci. Of note here is that the locus DYS526 shows 
two peaks, as this primer pair anneals to two different loci. This result was expected based 
on the observed literature [Ballantyne 2012, Alghafri 2015], and these loci will be known 
henceforth as DYS526a and DYS526b, respectively. 
 
 
 
Fig.7.2 Multiplex run with extracted DNA from male Vat an input concentration of 1 ng in ∼90 min. 
Run on ABI 310 
C.2. Rapid Y-STR PCR amplification 
In order to obtain profiles with no allele dropout and good peak heights (above 150 relative 
fluorescence units (RFU)) and balance, the concentration of Z-Taq, primers and BSA was 
optimised along with the annealing temperature. The optimisation was conducted by 
testing a series of lower and higher concentrations and annealing temperatures compared 
to those used with the non-rapid PCR seen in the previous section. It was expected that due 
to the rapid nature of the process the possible addition of BSA may have been needed in 
order to help counteract any inhibition.  
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C.2.1. Optimization of Master Mix 
The results of the optimisation of master mix reagents by their observed peak heights can 
be seen in Table 7. 3. The Master Mix A (MM A) combination of Z-Taq (0.075 U/ 10 μL) 
and primer mix (0.72 µM DYS526, 0.19 µM DYS570, 0.48 µM DYS576 and 0.60 µM 
DYS626) gave the best results with no allele dropout and more intense peak heights noted. 
This was also tested with added 0.5 μL BSA to give a final concentration of 1μg/μL per 10 
μL reaction mix (master mix G), however no further increase in peak height was observed. 
This was possibly due to the fact that the samples tested in this series of experiments were 
extremely clean and thus less subject to inhibition, which BSA would help counteract in 
less well-purified samples. 
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Table 7.3 Shows the allele size and peak height for each of the loci when amplified with different master 
mix compositions. The size and height variation between replicates demarked by the ± symbol. On the 
basis of these results it was determined that Master Mix A: 0.075 U/ 10 μL Z-Taq and primer mix (0.72 
µM DYS526, 0.19 µM DYS570, 0.48 µM DYS576 and 0.60 µM DYS626) contained the optimum reagent 
concentrations to amplify the Y-STR multiplex. 
C.2.2 Optimization of Cycling Conditions  
The annealing temperature was also optimised to obtain optimum sensitivity and peak 
balance. Since the melting temperature (Tm) varied for the different primers used in the 
multiplex, annealing temperatures ranging from 58 to 70 °C were employed. The results of 
the optimisation of the annealing temperature in terms of peak height are listed in Table 
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7.4. An annealing temperature of 62 °C was found optimal as the resulting profiles 
displayed maximum peak heights (most of these over 1000 RFU with the exception of 
DYS526a as this is a secondary binding location of the primers). Furthermore, no allele 
dropout was observed, and peak heights were balanced across all loci. The results of the 
optimisation experiments demonstrated that the most important parameter for peak height 
and balance was the annealing temperature (Table 7.4) as this produced the most significant 
changes in peak height. Changing reagent concentrations (Table 7.3) resulted in only slight 
variations in overall peak height. Therefore, optimum conditions were set at an annealing 
temperature of 62°C using Master Mix A: 0.075 U/10 μL Z-Taq and primer mix (0.72 µM 
DYS526, 0.19 µM DYS570, 0.48 µM DYS576 and 0.60 µM DYS626). These parameters 
gave profiles with good reproducibility for all alleles in terms of size and peak height. 
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Table 7.4 Shows the allele size and peak height for each of the loci at different annealing times along 
with the size and height variation between replicates demarked by the ± symbol. Based on these results 
it was determined that 62ºC was the optimum annealing temperature for the primers of the Y-STR 
multiplex. 
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C.2.3 Rapid PCR Amplification 
Figure 7.3 shows the results for the optimized procedure for high-speed PCR using the 
rapid enzyme Z-Taq. This polymerase has a high processivity [Aboud 2013] rate that 
permits the fast amplification time observed. All 20 extracted individual samples produced 
positive results with no allele dropout. Electropherograms A, B and C provide examples of 
the resultant profiles for control DNA and human samples. Examining the 372.57-bp allele 
in panel A demonstrates <4 bp resolution between the main allele and a four-base stutter 
peak one repeat unit upstream of the main allele. 
 
 
Fig.7.3 Rapid PCR of (A) DNA standard 9948, (B) DNA standard 2800 and (C) extracted DNA from 
subject K. Run on ABI 310 
C.3. Sensitivity study of rapid amplification 
Figure 7.4 shows a series of dilutions using the 9948 control DNA. Input levels ranged 
from 2 to 0.5 ng resulted in useable profiles; however, the 0.25 ng sample showed low 
threshold peaks (<150 RFU). Nevertheless, all expected peaks were still present even at 
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150 pg of input DNA. Based on these results, the recommended input level for this 
procedure is greater than 250 pg male DNA. The results show an average standard 
deviation of 0.15 bp and 102 RFU for peak size and height, respectively. 
 
 
Fig.7.4 Rapid PCR of DNA standard 9948. Input concentrations decreasing from 2 to 0.25 ng. Run 
on ABI 310 
C.4. Mixture of male and female DNA 
Profiles of the 9948 male DNA were successfully recovered for all ratios of female-to-male 
DNA from 0.25:1 up to 40:1. The peak balance remained consistent throughout all ratios 
tested; however, peak heights decreased slightly when the ratio of female-to-male DNA 
exceeded 20:1, although mixtures of up to 40:1 female-to-male DNA still produced Y-STR 
profiles. Figure 7.5 shows the profile generated for the 40:1 ratio of female-to-male DNA. 
The results show a standard deviation of 0.14 bp and 12 RFU for peak size and height, 
respectively. 
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Fig.7.5 A 40:1 ratio of female 9947 DNA-to-male 9948 DNA. Run on ABI 310 
C.5. Microfluidic separation 
Because each chip may suffer a slight mobility shift as a consequence of temperature 
fluctuations and buffer composition, sample signals collected at 570 nm were compared to 
those of a size standard run simultaneously at 670 nm on the same chip. A regression line 
was created using the peaks from the LIZ dye-labelled size standard. Overall, precision 
was below 0.21 bp, and resolution varied from 2.4 bp to 4 bp over a peak size range from 
100 to 450 bp [Aboud 2013]. Figure 7.6 shows the resulting profile from an extracted 
buccal sample taken from individual P. This was done in replicate, and these separate runs 
showed consistent peak patterns, with each peak appearing sharp, although some of the 
larger peaks showed stutter peaks. The peaks were slightly unbalanced; however, this is 
thought to be due to the fact that the DYS526 primers bind to two separate chromosomal 
locations, creating DYS526a and DYS526b amplicons, with DYS526b being consistently 
higher than DYS526a. The results showed a standard deviation of 0.57 bp and 65 RFU for 
peak size and height, respectively. Furthermore, the results were comparable in location 
and quality to those of the CE method, thus showing that the microfluidic chip separation 
can be used successfully in place of CE. When comparing these results to those created by 
the ABI 
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310, we noted some variation in size. Performing a comparison of the average peak sizes 
between the Agilent Bioanalyzer and the ABI 310 produced a slope of 0.9294 with an 
intercept of 20.1. The correlation coefficient was 0.97. An average difference of 1.6 bp 
appeared between the two instrument methods; however, each method in itself was 
reproducible [Aboud 2013]. This difference was expected, as variations in sizing are a 
natural consequence of the differences in separation polymers and temperature profiles 
between the two electrophoresis techniques [Hartzell 2003]. 
 
 
Fig.7.6 Multiplex run with extracted DNA from subject P at an input concentration of 1 ng and run on 
the Agilent 2100. Top right shows full electropherogram, while full picture shows zoomed-in version 
to better view peaks. Chip work was completed by Patricia Albani [Albani 2013, Gibson-Daw 2017]. 
 
D. Conclusion 
In this chapter, we have shown the successful creation of a four locus Y-STR multiplex 
that can be used to screen crime scene samples for male DNA. We have also demonstrated 
that the combination of a high-speed thermal cycler (Streck) and a rapid polymerase 
(Takara) permits the decrease of amplification time for the Y-STR multiplex to less than 
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17 min. This can be coupled with a microfluidic separation device to further reduce analysis 
time to less than 25 min per profile after sample extraction. This procedure should prove 
useful for screening sexual assault casework samples and exclusion/ presumptive 
identification of male suspects.
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CHAPTER VIII. DEVELOPMENT OF ULTRAHIGH SPEED PCR METHOD FOR 
OBTAINING STR BASED GENOTYPES IN 8 MINUTES OR LESS* 
A. Introduction  
In this chapter process is described for the optimization of multiplex PCR. The goal was to 
optimize a high speed amplification of forensic short tandem repeats using commercially 
available instrumentation. While there has been much work on improved extraction 
methods [Aboud 2013, Qiagen 2014, President’s DNA Initiative, Qiagen 2016, ZyGEM 
2017] and microfluidic analysis [Horseman 2007], work on improving the speed of 
multiplex amplifications has been more limited. In 1989 Wittwer described a rapid 
thermocycler that used glass capillaries that were heated and cooled through the addition 
and removal of hot air from a chamber [Wittwer 1989]. Since then instrumentation has 
continued to develop and improve. Rapid hot air and Peltier based thermal cyclers are now 
commercially available, and faster DNA polymerases have also been produced. Small 
volume microfluidic systems have also been produced which can be rapidly heated and 
cooled [Belgrader 1999, Giordano 2001]. This technology includes lab on a chip based 
systems in which amplification is performed along with separation and detection in a single 
integrated device [Easley 2006, Liu 2007, Liu 2011] with total times ranging from 20 to 
90 minutes [Khandurina 2000, Hopwood 2010, Estes 2012, Lounsbury 2013]. While much 
research has been done on improving the instrumentation used in PCR amplification, 
cycling conditions and the use of newly developed faster polymerases [Butss 2014, Romsos 
2015], little work has focused on the actual optimization of the amplification chemistry. 
                                                          
* This chapter has been published: Gibson-Daw G, Crenshaw K, McCord B. Optimization of ultrahigh 
speed multiplex PCR for forensic analysis. Anal. Bioanal. Chem. 2018;410(1):235-45 
131 
 
Many studies involving rapid PCR amplification, especially in the clinical field, have 
focused on reactions involving single locus amplifications rather than multiplex 
amplification [Belgrader 1998, Farrer 2015]. For example, Wittwer recently discussed a 
method for fast amplification where two water baths at two different temperatures were 
used with a stepper motor to move the sample between the two in <0.1 s. This lead to the 
successful amplification of a 60 bp fragment with 35 cycles in 15 s [Farrar 2015]. However, 
this fragment was quite small and not multiplexed. 
For forensic purposes, multiplex STR amplifications are needed which can involve up to 
23 simultaneous reactions with amplicons that range in size from 60 to 500bp. The 
complexity involved in balancing peak heights and optimizing a multiplicity of primer 
binding and extension naturally results in a need to reduce the overall amplification speed 
in order to optimize sensitivity and peak balance. Some recent work has been performed in 
an effort to increase amplification speed of commercially available kits [Vallone 2008, 
Vallone 2009, Foster 2012, Laurin 2012, Romsos 2015]. For example, Vallone et al. 
examined the effect of polymerase, buffer conditions and cycle time in an effort to increase 
the speed of commercially available forensic kits [Vallone 2008, Vallone 2009, Romsos 
2015]. And while many of these studies have successfully reduced amplification time to 
~60 minutes [ Budowle 1990, Gibson-Daw 2017], only a few manage to reduce this below 
30 minutes [Foster 2012, Laurin 2012, Aboud 2013, Romsos 2015] and only one below 15 
minutes [Butts 2014, Romsos 2015]. A recent paper by Butts et al. shows the successful 
amplification of the Identifiler STR kit using the SpeedSTAR HS Polymerase and the 
Philisa thermocycler in 14 minutes [Butts 2014]. Previous research in this laboratory 
involved the development of a rapid direct method which utilized 2mm punches of DNA 
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on FTA paper to amplify a 7 loci multiplex in 16 minutes using Z-taq and a Philisa 
thermocycler [Aboud 2013]. While this amplification procedure and the method outlined 
in the Butts 2014 paper are very fast, they are twice as long as the method we propose in 
this paper. 
In this laboratory, we have been working on the development of rapid amplification of 
small STR multiplexes for use in rapid screening of individuals. To do this we have 
examined specially engineered DNA polymerases [Giese 2009, Kermekchiev 2009, 
Verheij 2012] and buffer systems to rapidly amplify small autosomal and Y STR 
multiplexes [Aboud 2013, Gibson-Daw 2017]. The autosomal multiplex we have 
developed includes the STR loci D5S181, D13S317, D7S820, CSF1PO, D16S539, Penta 
D and Amelogenin with amplicon sizes between 106 and 454 bp. This multiplex set is 
specifically designed to be run on microfluidic chips as well as larger fluorescent 
genotyping systems [Aboud 2013]. Here our aim was to utilize experimental optimization 
procedures to produce a rapid and robust multiplex PCR that would permit high speed 
DNA amplification in 6.5 minutes or less in a relatively low reaction volume. This result 
should prove useful for screening of individuals at ports of entry or during mass disasters 
while still leaving sufficient sample for full amplification at a later time. 
B. Methods and Materials 
B.1. DNA Samples 
DNA standard K562 was obtained from Promega Corporation (Madison, WI, USA) and 
was used at various dilutions ranging from 100-2 ng/μL in the optimization process as a 
positive control for the genotyping process. A small population of DNA samples was 
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obtained from 32 cheek swabs of volunteers using Sterile Cotton Tipped Applicator swabs 
from Puritan Medical Products (Guildford, ME, USA).  These samples were lysed, digested 
and the DNA extracted and purified using standard phenol chloroform isoamyl alcohol 
(PCIA) methods [Budowle 1990, Comey 1994] This method of extraction usually yields 
from 3-50 ng/ μL of DNA but for reasons of developing a rapid method the samples in this 
study were not quantified after extraction. The collection and analysis of these samples was 
approved by the Institutional Review Board (IRB) at FIU, under the reference number 
#101831. 
B.2. MP7 Multiplex and Primer Sequences 
A custom multiplex (MP7, Table 8.1.) was assembled from 7 Loci chosen from a subset of 
standard forensic STR loci containing 4 and 5 base repeat motifs.   The selected loci 
included D5S818 (D5), D13S317 (D13), D7S820 (D7), D16S539 (D16), CSF1PO (CSF), 
and Penta D, as well as the Amelogenin locus. The Amelogenin (AM) locus was labelled 
with Liz fluorescent dye, while the other six of the loci were labelled with the TAMRA 
fluorescent dye (IDT). These loci were chosen based on size, primer melting temperature, 
and low levels sequence variants (improved electrophoretic resolution).  The multiplex was 
designed to be compatible with a two-channel microfluidic chip based system (modified 
Bioanalyzer by Agilent) as well as the Life Technologies capillary based DNA sequencers. 
Table 8.1 shows the details of the loci including repeat motif, Primer sequences, alleles and 
size range, location on the chromosome and Genebank Accession number. 
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Table 8.1 Information on the loci that make up the MP7 multiplex, including locus name, repeat motif, 
primer sequence, product size range, allele range, chromosome position and gene bank Acc number. 
 
B.3. Thermal Cycling and Rapid Polymerase  
 
The thermal cycler used for all experimental amplifications was the Philisa from Streck 
(Nebraska, US). Which with its thin walled tubes achieved heating rates of 15ºC/s and 
cooling rates of 12ºC/s allows for fast PCR to occur.   
For this study Z-Taq polymerase (Takara Bio, Clontech Laboratories, Inc., Mountain View, 
CA), supplied with 10 X Z-Taq buffer and 2.5mM dNTP mixture, was used which had 
previously been shown in studies by Aboud [Aboud 2013] to work well for achieving 
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ultrafast PCR amplifications due to its high processivity (over 5X speed of regular Taq 
which has a processivity of 60 nt/s) and high fidelity [Wang 2004, Kermekchiev 2009, de 
Vega 2010].   
B. 4. PCR Optimization 
B.4.1 Optimization of Cycling Conditions  
Initial amplification conditions were selected based on the 16 min amplification of a Y 
STR multiplex discussed in chapter 7, in which the amplification occurred in a final PCR 
master mix volume of 9 µL, to which 1 ng of 2800 male control DNA (Promega) was 
added. The master mix was made up of 2 X Z-Taq buffer (Takara Bio), 0.2 mM each dNTPs 
(Takara Bio), TAMRA fluorescently labelled primers at concentrations of 0.20 µM 
D5S818, 0.20 µM D13S317, 0.36 µM D7S820, 0.24 µM D16S539, 0.21 µM CSF1PO, 
0.55 µM Penta D and 0.24 µM Amelogenin. (IDT), 0.0625 Units/10µL of Z-Taq 
polymerase (Takara Bio). Cycling conditions were denaturation at 95ᴼC for 5 s, followed 
by 29 cycles of 98ᴼC for 5 s, 62ᴼC for 9 s, 72ᴼC for 12 s. Allele calling threshold was set 
at 100 RFUs, so any peak visible above this threshold was considered to be a true peak 
separate from the noise and thus called as an allele for the loci it presented at. All 
experiments were tested in replicates in order to determine reproducibility and render 
results valid. 
These conditions were used in this study as a starting point for the optimization of master 
mix reagent concentrations and cycling conditions for increased speed and robustness. 
100ng of input DNA was used for this series of experiments in order to increase the chance 
of success with lower cycle numbers and shorter annealing/elongation times.  Once 
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optimization was complete, the initial amount of input DNA was reduced. Initial work was 
performed to speed up the reaction by optimizing the cycling conditions, Table 8.2.  One 
of the first steps was the elimination of the initial activation step changing the 4-step PCR 
to a 3- step PCR.  Next, a two-step thermal cycling process was initiated by combining 
annealing and elongation into a single step at 62ᴼC.  Additionally, the overall time of both 
this combined step and the denaturation step were reduced, as was as the total number of 
cycles (A and B). Longer times and higher cycle numbers, more similar to those seen in 
previously, were also used (C and D) to act as a control for use in comparing the effect of 
allele size and peak height when amplified at faster conditions. Throughout the 
optimization process, the denaturing and annealing times and cycle numbers were 
decreased both individually and in a variety of combinations to achieve the fastest and most 
robust amplifications. Cycling conditions were optimized based on 3 parameters, total 
reaction time, peak height and peak balance. 
Also tested were certain methods in which two different types of thermal cycling reactions 
were used in the PCR reaction as a form of touchdown PCR, in which the initial 2-3 cycles 
were longer than the remaining ones. This was expected to aid in achieving more intense 
peak heights and decreased non-specific amplification but in the end, was deemed 
unnecessary. The conditions shown as Y were selected as optimal for use in subsequent 
experiments.  
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Table 8.2 Cycling Conditions Optimization 
Cycling Condition  Denaturing (s)  Annealing (s) Cycles Total Time  
Set  (98⁰C)   (62⁰C)  Minutes Seconds 
A 3 10 25 8 19 
B 3 5 29 7 0 
C 5 9 29 10 5 
D 5 12 29 11 21 
E 3 9 25 7 49 
F 3 8 25 7 15 
G 2 10 25 7 49 
H 3 10 24 7 45 
I 3 7 25 7 0 
J 3 7 29 7 56 
K 2 9 23 6 29 
L 3 7 24 6 37 
M 2 8 25 7 1 
N 1 10 25 7 15 
O 2 6 24 5 54 
P 2 5 25 5 35 
Q 2 10 22 6 27 
R 2 6 25 6 0 
S 2 8 21 5 55 
T* 3 10 3   
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  2 6 21 6 30 
U* 3 10 3   
  2 8 21 6 53 
V* 3 10 2   
  2 6 25 6 39 
W* 3 10 3   
  2 8 23 7 26 
X 2 8 24 6 33 
Y 2 7 24 6 21 
Z 2 8 23 6 19 
* two separate cycling conditions 
 
Table 8.2 Cycling conditions, showing time at both annealing and denaturing, cycle number and total 
time the amplification took to complete. Conditions marked with * were those which changed 
conditions after a certain number of cycles as detailed in the table. 
 
B.4.2 Optimization of Master Mix  
After optimization of the cycling conditions to get the fastest amplification time possible 
it was necessary to optimize the concentrations of the different reagents making up the 
master mix in order to improve peak height, quality and balance. The concentrations tested 
and the experimental order designed by the software can be seen in (Table 8.3). These 
values were generated by a software program called Design Expert v.10.0.4.0 and the order 
is randomized by the software for statistical purposes. To set up these parameters, a 
maximum and minimum concentration was inputted for Z-Taq, primer mix, buffer and 
dNTPs (2 µL of DNA was used for every reaction and water was adjusted accordingly to 
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reach a total volume of 10 µL). The basic study type selected was for a reagent mixture, 
and the module chosen was characterization.  
Table 8.3 Master Mix Optimization. Total volume 10 µL 
Master 
Mix 
2.5 U/ µL 
Z-Taq 
(µL) 
Primer 
Mix (µL) 
10X Z-Taq 
Buffer (µL) 
2.5 mM 
dNTPs 
 (µL) 
25 mM 
MgCl2 (µL) 
25 ng 
DNA 
(µL) 
Water 
(µL) 
A 1.24 2.00 1.06 2.69 1.00 2.00 0.00 
B 0.30 2.18 1.00 3.00 1.28 2.00 0.25 
C 0.81 2.59 1.70 1.82 1.08 2.00 0.00 
D 0.30 2.81 1.00 0.89 3.00 2.00 0.00 
E 0.44 3.55 1.00 2.01 1.00 2.00 0.00 
F 0.94 2.00 1.26 0.80 3.00 2.00 0.00 
G 0.32 2.79 1.00 2.09 1.00 2.00 0.80 
H 0.30 2.00 1.00 0.80 1.00 2.00 2.90 
I 0.30 2.00 2.58 2.12 1.00 2.00 0.00 
J 0.56 2.00 1.00 2.01 2.43 2.00 0.00 
K 0.30 2.00 1.00 0.80 1.00 2.00 2.90 
L 1.50 2.03 1.74 0.83 1.00 2.00 0.90 
M 0.30 2.04 2.61 0.95 2.11 2.00 0.00 
N 0.81 3.51 1.00 0.80 1.88 2.00 0.00 
O 0.30 2.00 3.90 0.80 1.00 2.00 0.00 
P 0.30 2.04 2.61 0.95 2.11 2.00 0.00 
Q 0.41 2.00 1.00 0.80 2.31 2.00 1.48 
R 0.56 2.00 1.00 2.01 2.43 2.00 0.00 
S 1.50 2.00 1.00 1.22 1.97 2.00 0.31 
T 0.30 2.69 3.07 0.80 1.14 2.00 0.00 
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U 0.81 3.51 1.00 0.80 1.88 2.00 0.00 
V 0.30 3.48 1.00 0.80 1.00 2.00 1.42 
W 0.49 2.00 1.00 1.95 1.00 2.00 1.55 
X 0.30 4.90 1.00 0.80 1.00 2.00 0.00 
Y 0.42 3.45 2.33 0.80 1.00 2.00 0.00 
Z 1.50 3.70 1.00 0.80 1.00 2.00 0.00 
AA 0.39 2.70 1.69 0.86 1.61 2.00 0.74 
AB 1.11 2.07 1.00 0.80 1.00 2.00 2.02 
AC 0.49 2.00 1.00 1.95 1.00 2.00 1.55 
AD 1.22 2.00 2.78 0.92 1.09 2.00 0.00 
AE 0.36 2.00 2.44 0.80 1.00 2.00 1.40 
 
Table 8.3 Master mix optimization, the output of the experimental software Design Expert 10.   The 
order is randomized for statistical purposes.  Table 8.3 Shows amounts (µL) of each reagent used and 
their starting concentration, along with how much DNA and water was added to each reaction to keep 
the total volume at 10 µL and the amount of input DNA constant. 
 
B.4.3 Optimization Total Volume  
The next step was to observe the effects of reducing the overall volume of the PCR mix in 
an attempt to increase observable peak heights as well as reducing the quantity of input 
DNA. 1 µL of 100 ng, 75 ng (Figure 8.4), 50 ng and 25 ng DNA were each tested within a 
total reaction volume of 8 µL, 6 µL and 4 µL. All samples were tested in triplicate.  
B.5 Ultra High Speed PCR Amplification 
The final conditions for the optimized process used in all subsequent studies in this chapter 
were: 3 µL of Master Mix X with1 µL of 50 ng DNA (K562, Promega) to give a total 
volume of 4 µL. This master mix included 1 µL of 10 X Z-Taq buffer (Takara Bio), 0.8 µL 
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of 2.5 mM each dNTPs (Takara Bio), 4.9 µL Primer mix made up of 10 µM TAMRA 
fluorescently labelled primers: 3.25 µL D5S818, 3.25 µL D13S317, 6 µL D7S820, 4 µL 
D16S539, 3.5 µL CSF1PO, 9 µL Penta D and 4 µL Amelogenin. (IDT), 1 µL of 25 mM 
MgCl2 and 0.48 µL of 2.5 U/µL of Z-Taq polymerase (Takara Bio). Total concentrations 
for a 10 µL reaction were: 2.5 X Z-Taq buffer, 0.5 mM of each dNTP primer mix (0.24 
µM D5S818, 0.24 µM D13S317, 0.44 µM D7S820, 0.30 µM D16S539, 0.26 µM CSF1PO, 
0.66 µM Penta D and 0.30 µM Amelogenin), 6.25mM MgCl2 0.3 Units/4 µL of Z-Taq 
polymerase.  Amplifications were performed on a Philisa thermocycler (Streck) in just 
under 6.5 min. Optimal conditions were 24 cycles of heat denaturation at 98ᴼC for 2 s, 
followed by a combined annealing elongation step of 62ᴼC for 7 s (Figure 8.5).  
B.6. Sensitivity Study 
To test the sensitivity of the system a range of input DNA concentrations (K562 standard 
DNA) from 100 ng to 0.5 ng were amplified and analysed using the ABI 310 for separation 
and detection (Figure 8.6). 3 replicates of each experiment were run in the same manner as 
in the previous section. 
B.7. Cheek Swab Samples 
Cheek swabs from 32 individuals were extracted using PCIA and of these samples 1 µL 
was used for PCR with the concentration unchanged from that seen after extraction. These 
were then amplified using the optimized method detailed in section B.5. and run on the 
ABI 310 as well as the Agilent Bioanalyzer as outlined in section B.8. (Figure 8.7-8.8) 
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B.8. Separation, Detection and Analysis 
B.8.1 Applied Biosystems ABI 310 Capillary Electrophoresis Genotyper 
All PCR products were analysed using an ABI 310 (Applied Biosystems) by adding 1 µL 
of PCR product to a mixture of 12.5 µL HiDiTM Formamide (Applied Biosystems) and 
0.5 µL internal lane standard (ILS). The ILS used throughout this paper was LIZ 500 
(Applied Biosystems) which was labelled with the orange LIZ dye. This mix was then run 
on the ABI 310 using the following conditions: POP4 polymer, Capillary length to 
detector: 36 cm, module GS STR POP4 (1 mL), injection voltage 15 kV, injection time 5 
s, run time 28 min, run temperature 60ᴼC, run voltage 15 kV. Genemapper software was 
used for sample analysis. 
B.8.2 Agilent Technologies Microfluidic Chip Bioanalyzer 2100* 
The samples from section B.7. were also run on a modified Agilent 2100 Bioanalyzer that 
contained a heat plate and dual detector for high resolution separations. DNA Lab Chips 
(Agilent Technologies) were prepared for microfluidic electrophoresis of DNA samples 
using the High-Resolution DNA Gel Matrix (Agilent Technologies) as the polymer.  The 
loading of the polymer into the chip capillaries was accomplished using a Chip Priming 
Station (Agilent Technologies).  Sample wells were loaded with 5.5 µL of a mixture of 
formamide: ILS at a 9:1 ratio. Approximately 1 to 1.5 µL of sample was added to each 
sample well.  Every chip also contained one well (Well 12) designated for ladder, which 
                                                          
* Work completed on Bioanalyser 2100 and data presented was a collaboration between the author and Karin 
Crenshaw a PhD student of the McCord DNA lab. 
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included only CC5 ILS 500 (Promega).  Chip run times of approximately 2 minutes per 
sample were obtained.  The data was generated in real time and each sample was run 
sequentially.  The ILS in each well is then used to analyse the data and generate allele 
sizing using the Agilent 2100 Expert software (see Figure 8.8.A). 
C. Results and Discussion 
The 7 locus multiplex MP7 was used in the development of the ultrafast PCR protocol, 
along with a rapid polymerase Z-Taq (Takara) and the Philisa rapid thermocycler (Streck). 
The goal of the optimization was to increase the amplification speed, while maintaining 
high peak intensities and balance between alleles and loci. Optimization of the cycling 
conditions, master mix reagent concentrations and total volume were all carried out 
independently. These tests were performed using the K562 DNA standard (Promega), 
using 100 ng, 50 ng and 75 ng of input DNA. This amount of DNA was used initially for 
optimization to better visualize any variances in parameters tested, once these were 
optimized the concentration of input DNA was reduced to 2ng as can be seen in section 
3.2. DNA Once these steps were completed all optimized conditions were combined and a 
sensitivity study was performed. The final method was then tested with samples collected 
from the cheek swabs of 30 adult male and female volunteers. Good profiles were those 
showing all alleles with peak intensities of >100 RFUs and peak balances of >60%. Results 
were achieved in replicates and determined to be reproducible when peak size showed no 
more than a 0.3bp change. This procedure resulted in a full profile being achieved in 6 
mins 21 s. with 100% allele recovery and an average peak balance of ~70%. The 
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calculations for peak to height ratio (PHR) were based on recommendations in the 
SWGDAM guidelines [SWGDAM 2010]. 
C.1 PCR Optimization 
C.1.1 Optimization of Cycling Conditions 
Optimization of the cycling parameters can be seen in Figure 8.1. In the figure, each set of 
cycling parameters are shown with the resulting peak height for each allele for the loci 
under study. The results are organized based on the total time of the amplification and 
overall allele peak height. Total run times range from 11.5-5.5 mins. As can be observed 
from the data, as the total cycling time decreases, there is a concomitant reduction in peak 
height. Cycling times below 6 minutes produced noticeable allele dropout. The upper right-
hand side of the figure provides information on the peak heights and balance produced for 
cycling times from 6-6.5 minutes. These conditions were selected for further optimization.  
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Fig.8.1 Cycling conditions vs. peak height. This figure shows each set of cycling conditions plotted 
against the peak height of each allele in RFUs and along the bottom time brackets have been added to 
show the relative times of the conditions. In the top right of the figure is an insert containing an 
expanded view of the conditions which permitted a 6- 6.5 min amplification. These conditions also 
include error bars representing the standard deviation of the process (n=3). It is clear from this image 
that amplification conditions below 6 mins result in an increase in allelic dropout. Samples analysed 
using ABI 310. 
The goal for optimization was to obtain the largest peak height and best peak balance 
between loci in the fastest time. As can be seen in the enlarged section in the top right of 
Figure 8.1, with the exception of condition Q, all of these cycling conditions gave similar 
results. However, on close examination conditions X, Y and Z consistently gave higher, 
more reproducible peak heights, and condition Y was also approximately 10 s faster than 
X with peaks that were consistently higher than those from conditions Z. For these reasons 
the cycling conditions represented by condition Y were chosen as the optimal cycling 
conditions. Other cycling conditions (R, S, O and P) were a minute or so faster but at these 
speeds allele dropout or high variations in peak heights were observed. The cycling 
conditions for Y included a denaturing step at 98ºC for 2 seconds, and an annealing step at 
62ºC for 7 seconds. These steps were repeated for a total of 24 cycles. This gave the total 
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amplification time of 6 minutes and 21 seconds. This cycling protocol was used for all 
subsequent experiments. The resulting electrophoretic profile can be seen in Figure 8.2. 
 
 
Fig.8.2 Profile resulting from the determined optimal conditions labelled Y in table 2: denaturing at 
98ºC for 2 seconds, annealing at 62ºC for 7s, 24 cycles. This gave the total amplification time of 6 
minutes and 21 seconds. Input DNA was 100ng of K562 control DNA standard. Overall peak balance 
was 70.0%. 
C.1.2 Optimization of Master Mix 
The next step in the optimization process was to examine the composition of the master 
mix. A variety of different concentrations were examined with a focus on the primer 
mixture, dNTP concentration and MgCl2 concentrations, as previous research 
demonstrated that these conditions were key factors in improving the quality of 
amplification [de Vega 2010, Aboud 2013, Gibson-Daw 2017]. 
The resulting peak heights for the alleles of each loci were plotted against their respective 
master mix conditions and can be seen in Figure 8.3. These results show that the master 
mixes with the highest peak heights and best peak ratios were obtained using conditions D 
and X. Figure 8.3, top right inset, shows a closer view of how master mixes D and X 
compare to each other. From this comparison, it is clear that master mix X produces higher 
overall peak intensities and a better peak to peak balance. For this reason, the master mix 
concentrations represented by X were determined to be optimal and chosen for subsequent 
experiments.  In these experiments, the factors having the most pronounced effect were the 
147 
 
volume of the primer mixture and the concentration of the dNTPs. A higher concentration 
of primers was necessary to successfully amplify genomic DNA at these high speeds, Table 
8.3. The fact that relatively high concentrations of dNTPs improve the quality of the results 
may be the result of local depletion due to diffusive effects at lower dNTP concentration. 
In general, when using these high amounts of both primer and dNTPs, it is also important 
to increase the MgCl2 to make sure the reaction stays activated. 
 
 
Fig.8.3 Master mix reagent concentrations for 10 μL final volume vs. peak height in RFUs. Showing 
which sets of conditions show allele dropout and which ones do not as well as which conditions give 
higher peak intensities and more equal peak balance between alleles. Top right: Close up comparison 
of allele peak heights of the two best performing master mix combinations D and X. Error bars show 
the standard deviation for each allele. Samples analysed using ABI 310. 
C.1.3 Optimization of Total Volume 
Once the cycling conditions and master mix were optimized, further experiments were 
performed to reduce the total volume of the PCR master mix. The goal of this study was to 
reduce the total amount of input DNA while maintaining peak height and sensitivity. Figure 
4 shows the results of these tests for 75 ng of input DNA. Amelogenin while not shown 
here was present in every sample. The reduction of total volume from 8 to 6 μL produces 
148 
 
an average 157 % increase in peak height across the loci. When reduced from 6 to 4 μL 
little change in peak height was observed (an average 106 % increase in peak height across 
the loci). Each profile had an average peak balance of 73.0%, 66% and 72% respectively. 
The 6 μL samples showed peak balances from 37% - 93%, while both the 8 μL and 4 μL 
samples showed peak balances between 57% and 89% and the standard deviation was ±5, 
±8, and ±12 respectively for the 8, 6 and 4 μL volumes. The 6 μL protocol was at this point 
dismissed from further consideration as some of the peak balances were below 55% which 
was undesirable. 4 μL was then chosen as the optimal total volume as it used less reagents 
and gave an increased peak height. 
 
 
Fig.8.4 75ngs of K562 control DNA standard at differing total volumes: 8 μL, 6 μL and 4 μL. Each 
profile had an average peak balance of 73.0%, 66% and 72% respectively. The 6 μL samples showed 
peak balances from 37% - 93%, while both the 8 μL and 4 μL samples showed peak balances between 
57% and 89%. 
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C.2 Ultra High Speed PCR Amplification 
In the last part of the optimization process we combined all of the previously optimized 
parameters into the final method and used with 50 μL of DNA, Figure 8.5 shows the 
resulting profile. The top lane shows the 6 STR loci labelled with TAMRA dye, while the 
bottom lane shows the orange lane with the ILS Liz 500 and the Amelogenin locus labelled 
with Liz. 
 
 
Fig.8.5 Profile generated from 50 ng of the K562 control DNA standard using the master mix 
concentrations X from Table 3. The top lane shows the 6 STR loci labelled with TAMRA dye, while 
the bottom lane shows the orange lane with the ILS Liz 500 and the Amelogenin locus labelled with 
Liz. Overall peak balance was 68.4%. Samples analysed using ABI 310. 
C.3 Sensitivity Study 
Once the method was developed and optimized we tested the sensitivity of the system using 
a series of dilutions using the K562 control DNA, Figure 8.6. Input levels ranging from 
100 ng-2 ng gave useable profiles however samples below 2 ng of input DNA showed low 
threshold peaks indistinguishable from the noise, for this as with all previous experiments 
the calling threshold was set at 100 RFUs, Amelogenin while not shown here was 
successfully amplified in every sample. As expected peak height was observed to decrease 
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with decrease of input DNA and thus, the recommended minimum input level for this 
procedure is >2 ng of DNA. 
 
 
Fig.8.6 Profiles obtained from optimized method as the amount of input DNA (K562 control standard) 
was reduced from 100 ng to 2ng. Overall peak balances for the respective profiles are as follow: A) 
76.0%, B) 67.1%, C) 70.4%, D) 71.7%, E) 76.8%, F) 71.5%. Scale in RFUs can be seen on the left of 
each electropherogram and is set to the largest peak height in order to improve visual determination 
of peak height and threshold. Samples analysed using ABI 310. 
C.4 Cheek Swab Samples 
A study population of 30 volunteers was used to test the applicability of the developed 
method for the use with cheek swab samples. Figure 8.7 Shows 3 of the profiles generated 
and as can be observed from these profiles all loci and alleles are clearly visible and 
discernible from the noise. The profiles on the left shows the 6 STR loci labelled with 
TAMRA dye, while those on the right shows the respective orange lanes with the ILS Liz 
500 and the Amelogenin locus labelled with Liz. The peak heights differed from sample to 
sample as each cheek swab yielded slightly different amounts of DNA (using PCIA in our 
lab the yield range achieved was 20-50 ng/μL) and these samples were not quantified as 
the amount needed for successful amplification (2 ng) is less than a 10th of the total amount 
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recovered, leaving a plethora of additional DNA for downstream genotyping and 
quantification. These results demonstrate that the method here developed can be used 
successfully with both control DNA and extracted DNA from cheek swabs. 
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Fig.8.7 Profiles from 3 extracted DNA samples using the optimized method. The profiles on the left 
shows the 6 STR loci labelled with TAMRA dye, while those on the right shows the respective orange 
lanes with the ILS Liz 500 and the Amelogenin locus labelled with Liz. Overall peak balance for these 
profiles was 83.6%. Samples analysed using ABI 310. 
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C.5 Separation detection and Analysis (Bioanalyzer 2100 vs ABI 310) 
Nineteen of the thirty cheek swabs were also examined using microfluidic electrophoresis 
on an Agilent 2100 Bioanalyzer, which had been modified with a heat plate to permit 
multichannel denaturing electrophoresis and detection with an excitation wavelength of 
532nm, and detection at 575 and 670 nm. [Aboud 2015]. The resulting microfluidic profiles 
were next compared to the profiles obtained from the ABI 310 CE. Overall peak height 
ratios and balance for heterozygous loci were compared on each system as shown in Figure 
8.8, resulting in an overall profile balance ratio of 82.4% +/- 6.6% (standard deviation) for 
the ABI310 while the chip system had an overall profile balance ratio of 84.6 +/- 7.4. In 
addition, all allele calls were concordant between the two systems. This data demonstrates 
shows that either system may be used to obtain accurate allele calls from the PCR products. 
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Fig.8.8 A. Electropherogram results from a microfluidic chip analysis run on a modified 2100 
Bioanalyzer using denaturing electrophoresis and a two channel detector The 6 STR loci peaks 
(labelled with TAMRA) can be seen in the blue channel, while the ILS (CC5 ILS 500) and Amelogenin 
locus (labelled with Liz) can be seen in the red channel. B. Electropherogram results from the ABI 310 
(capillary electrophoresis) analysis of the same sample. C. Liz channel with Amelogenin locus from the 
310 analyses. Both systems successfully called the same alleles from the cheek swab D. 
This 7 locus multiplex has a power of discrimination of 1 X 106 or greater, which is 
sufficient to identify a potential suspect, once identified a full laboratory analysis would be 
required using standard genotyping methods to confirm a match. 
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D. Conclusions 
In this chapter, has been demonstrated the ultrafast amplification of a 7 Loci multiplex in 
6.5 minutes. This was achieved through the use of a high-speed thermocycler and rapid 
polymerase and involved the optimization of cycling conditions, reagent concentrations 
and sample volume. Once developed, this method was tested with DNA samples extracted 
from cheek swabs of 30 volunteers. The sensitivity of the method was also tested and 
showed that complete profiles could be generated using DNA quantities as low as 2ng. 
Allele recovery for the final optimized protocol outlined at the end of section 2.5 was found 
to be 100% while peak balance across the profiles was determined to be 70%. The range 
of PHR observed was 65%-85%, however, most profiles showed a PHR of around 70%. 
The PHR calculations are based on recommendations in the SWGDAM guidelines. 
Concordance studies between microfluidic chip and CE separation showed identical allele 
calls for all samples thus proving the rapid detection and separation using the chip useful 
for further reducing analysis time. Overall, this method provides an ultrafast amplification 
that can speed up the processing of forensic cheek swabs while still leaving more than 
sufficient sample for later analysis and confirmation.
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CHAPTER IX. DEVELOPMENT OF A RAPID DIRECT PCR  
A. Introduction  
In this project, we are working on the development of rapid direct amplification of small 
STR multiplexes for use in rapid screening of individuals. The term rapid amplification 
means that no sample extraction is performed prior to the PCR reaction. To create this 
method, we examined specially engineered DNA polymerases and buffer systems to 
rapidly amplify a small autosomal STR multiplex. The autosomal multiplex used includes 
specifically designed primers for amplicon sizes between 106 and 454 bp.  This multiplex 
set was specifically designed [Aboud 2012] to be run on microfluidic chips as well as larger 
fluorescent genotyping systems.  It is the goal of this project to utilize experimental 
optimization procedures to produce a direct rapid and robust multiplex PCR amplification 
that would permit high speed sample processing in 15 minutes or less. The thermal cycler 
used for all experimental amplifications was the Philisa from Streck (Nebraska, US). The 
polymerases under consideration are Z-Taq and Omnitaq. The use of these along with 
buffer optimization and addition of enhancers such as the PEC-1 (PCR enhancer cocktail 
1) will allow the rapid amplification of DNA straight from saliva with no extraction steps 
being necessary. 
Here our aim was to utilize experimental optimization procedures to produce a rapid direct 
method that would permit the removal of an extraction step and high speed DNA 
amplification in 15 minutes or less. This method could be implemented in many situations 
where screening individuals or samples rapidly may be important, such as: ports of entry, 
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mass disasters, missing persons, etc. while still leaving sufficient sample for full 
amplification at a later time. 
B. Methods and Materials 
B.1. DNA Samples 
DNA standard K562 (2-10 ng/μL) was obtained from Promega Corporation (Madison, WI, 
USA) and used as a positive control for the genotyping process. DNA samples for testing 
the direct method were obtained by either cheek swabs transferring sample to FTA paper 
or by directly collecting saliva in a tube. The saliva samples were centrifuged at 13000 
RPM for 1 min, the supernatant then removed and 40 µL of amplification grade H2O added 
then vortexed to resolubilize the DNA in the liquid. The newly washed saliva was then 
diluted to 10%. At this dilution the sample still contributes a high enough concentration of 
template DNA while many of the possible inhibitors have been diluted to reduce their effect 
on the PCR. The collection and analysis of these samples was approved by the Institutional 
Review Board (IRB) at FIU, under the reference number #101831. 
B.2. MP7 Multiplex  
A custom multiplex (MP7, Table 8.1.) was assembled from 7 Loci chosen from a subset of 
standard forensic STR loci containing 4 and 5 base repeat motifs.   The selected loci 
included 6 STRs: D5S818 (D5), D13S317 (D13), D7S820 (D7), D16S539 (D16), CSF1PO 
(CSF), and Penta D, as well as the Amelogenin locus. The Amelogenin (AM) locus was 
labelled with Liz fluorescent dye, while the other six of the loci were labelled with the 
TAMRA fluorescent dye (IDT). These loci were chosen based on size, primer melting 
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temperature, and low levels sequence variants (improved electrophoretic resolution) 
[Aboud 2012].  The multiplex was designed to be compatible with a two-channel 
microfluidic chip based system (modified Bioanalyzer by Agilent) as well as the Life 
Technologies capillary based DNA sequencers. The primer mix used for all experiments 
was made up with the following ratios of each 10µM primer: 1.25X D5S818, 1X D13S317, 
1.5X D7S820, 1.25X D16S539, 1X CSF1PO, 3X Penta D and 1X Amelogenin (IDT). Extra 
Penta D was added separately at a later stage for improved peak height at this locus, 
bringing the total concentrations to: 0.63 µM D5S818, 0.50 µM D13S317, 0.75 µM 
D7S820, 0.63 µM D16S539, 0.50 µM CSF1PO, 1.50 µM Penta D and 0.50 µM 
Amelogenin (IDT) 
B.3. Thermal Cycling and Rapid Polymerase  
The thermal cycler used for all experimental amplifications was the Philisa from Streck 
(Nebraska, US). This instrument is comprised of an 8-well low thermal mass silver sample 
block, and uses Peltier heating and cooling to achieve heating rates of 15ºC/s and cooling 
rates of 12ºC/s. The instrument produces high temperature ramp rates using thin walled 50 
µL polypropylene tubes containing a relatively high surface to volume ratio.  This aids in 
heat transfer from the silver block to the PCR mix. 
For this study Z-Taq polymerase (Takara Bio, Clontech Laboratories, Inc., Mountain View, 
CA), supplied with 10 X Z-Taq buffer and 2.5 mM dNTP mixture, was initially used. 
Omnitaq (DNA Polymerase Technologies, Inc. St. Louis, MO), supplied with 10 X Taq 
buffer, was also tested and determined to perform better when used with samples of diluted 
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saliva. This polymerase was specially designed to be resistant to a number of common 
inhibitors that can be present in biological samples  
B. 4. PCR Optimization 
To remove the extraction step from the previously developed rapid PCR protocol [Gibson-
Daw 2018] we first experimented with taking cheek swabs and the transferal of the cells 
and DNA from these to FTA paper.  Once the cells were fixed to the FTA paper, the 
chemicals present on the paper can lyse open the cells and release the DNA. A punch of 
FTA paper was then added to 1.5 mL of H2O and heated to 37⁰C for 15 mins, the water 
was then replaced and the heating step repeated a second time before the punch was added 
to the PCR master mix. This was worked well but added 30 minutes to the PCR process. 
To save time experiments were initiated involving direct PCR in which saliva was collected 
in a tube. The saliva samples once collected were spun down on a centrifuge at 13000 RPM 
for 1 min, the supernatant removed and 40 µL of amplification grade H2O added to 
resolubilize the DNA in the liquid. The saliva was then vortexed and diluted to 10% for 
use in the following experiments. 
B.4.1 Optimization of BSA Concentration 
When using unextracted samples in the master mix there is also the potential that free DNA 
and intact cells and other compounds (proteins, salts, lipids, etc), many of which may be 
inhibitory to the PCR reaction, will also be present. In an attempt to counteract any 
inhibition these elements may cause, we are also adding BSA and optimizing its 
concentration in the mix. The amplification occurred in a final PCR master mix volume of 
8 µL, to which 2 ng of the diluted to 10 % and washed saliva was added. The master mix 
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included up of 0.86 µL 10 X Z-Taq buffer (Takara Bio), 0.7 µL 2.5 mM each dNTP mix 
(Takara Bio), 4.2 µL of primer mix (IDT), 0.86 µL 25mM MgCL2 and 1.1 µL of 2.5 
Units/µL of Z-Taq polymerase (Takara Bio). Total concentrations for a 10 µL reaction 
were: 0.86 X Z-Taq buffer, 0.18 mM each dNTPs, primer mix (0.33 µM D5S818, 0.26 µM 
D13S317, 0.39 µM D7S820, 0.33 µM D16S539, 0.26 µM CSF1PO, 0.79 µM Penta D and 
0.39 µM Amelogenin), 2.15 mM MgCL2 and 0.28 Units/10 µL of Z-Taq polymerase. 
Amounts of 20 mg/mL BSA tested were 0 µL, 0.75 µL, 1.25 µL, 2 µL, 2.75 µL and 3.5 µL 
with the total concentrations in the final 10 µL reaction being 0, 1.5, 2.5, 4, 5.5 and 7 
mg/mL respectively (Figure 9.1A-F). The total PCR reaction volume per sample was 10 
µL (8 µL master mix, 2 µL diluted to 10 % saliva). Cycling conditions were 35 cycles of 
denaturation at 98ᴼC for 3 s, followed annealing/extension at 62ᴼC for 12 s. 
B.4.2 Optimization of dNTPs with Omnitaq 
Further experiments were performed using OmniTaq Polymerase (DNA Polymerase 
Technologies) in an attempt to increase inhibitor resistance. This OmniTaq polymerase 
were tested in combination with regular Taq buffer and with the addition of PEC-1 (PCR 
enhancer cocktail) as recommended by manufacturer.  
The next parameter to undergo optimization was the concentration of dNTPs. For this 
experiment the master mix used contained: 0.2 µL of 1 X OmniTaq, 5.8 µL primer mix 
(IDT), 1.2 µL of 10 X Taq buffer, 1.2 µL of 25 mM MgCl2 and 1 µL of 1 X PEC-1. Final 
concentrations in the 10 µL reaction were: 0.2 X OmniTaq polymerase, primer mix (0.46 
µM D5S818, 0.36 µM D13S317, 0.54 µM D7S820, 0.46 µM D16S539, 0.36 µM CSF1PO, 
1.11 µM Penta D and 0.54 µM Amelogenin), 1.2 X Taq buffer, 3 mM MgCl2 and 0.1 X 
PEC-1. Amounts of 2.5 mM dNTP mix tested were 0.75 µL, 1 µL, 1.25 µL, 1.5 µL and 2 
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µL with the total concentrations in the final 10 µL reaction being 0.19, 0.25, 0.31,0.37 and 
2 0.5 mM respectively (Figure 9.2A-E). 2 µL of diluted saliva was added to 8 µL of this 
master mix. The total PCR reaction volume per sample was 10 µL (8 µL master mix, 2 µL 
diluted to 10 % saliva). Cycling conditions were 32 cycles of denaturation at 98ᴼC for 3 s, 
followed annealing/extension at 62ᴼC for 13 s. 
B.4.3 Optimization of MgCl2 
The optimization of the MgCl2 concentration was performed in combination with the 
optimization of dNTPs. 3 differing amounts of 2.5 mM dNTPs: 1.25 µL, 1.5 µL, 2 µL (C, 
D, E from previous experiment) with the total concentrations in the final 10 µL reaction 
being 0.31, 0.38, 0.5 mM respectively were chosen that in the previous experiment had 
shown the best results. These were tested in combination with using 1uL, 1.4uL, 1.6 µL, 
2uL and 2.5 µL of 25 mg/mL MgCl2 with the total concentrations in the final 10 µL reaction 
being 2.5, 3.5, 4.0, 5.0, 6.3 mg/mL respectively. Table 1 shows each of the master mixes 
and the amounts of reagent used for 1 sample. The total PCR reaction volume per sample 
was 10 µL (8 µL master mix, 2 µL diluted to 10 % saliva). Cycling conditions were 32 
cycles of denaturation at 98ᴼC for 3 s, followed annealing/extension at 62ᴼC for 13 s.  
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Table 9.1 Optimization of MgCl2 in relation to dNTP concentration 
Master 
mix 
Omnitaq 
(µL) 
1 X 
Primer 
mix 
(µL) 
Taq Buffer 
(µL) 
10 X 
dNTPs 
(µL) 
2.5mM 
MgCl2 
(µL) 
25mM 
PEC-1 
(µL) 
1 X 
DNA 
(µL) 
Number 
of loci 
amplified 
C1 0.2 5.8 1.2 1.25 1.2 2 2 6/7 
C1.4 0.2 5.8 1.2 1.25 1.4 2 2 6/7 (Fig. 
9.3A) 
C1.6 0.2 5.8 1.2 1.25 1.6 2 2 6/7 
C2 0.2 5.8 1.2 1.25 2 2 2 5/7  
C2.5 0.2 5.8 1.2 1.25 2.5 2 2 5/7 
D1 0.2 5.8 1.2 1.5 1 2 2 6/7 (Fig. 
9.3B) 
D1.4 0.2 5.8 1.2 1.5 1.4 2 2 5/7 
D1.6 0.2 5.8 1.2 1.5 1.6 2 2 5/7 
D2 0.2 5.8 1.2 1.5 2 2 2 5/7 
D2.5 0.2 5.8 1.2 1.5 2.5 2 2 5/7 
E1 0.2 5.8 1.2 2 1 2 2 5/7 
E1.4 0.2 5.8 1.2 2 1.4 2 2 6/7 (Fig. 
9.3C) 
E1.6 0.2 5.8 1.2 2 1.6 2 2 6/7 
E2 0.2 5.8 1.2 2 2 2 2 6/7  
E2.5 0.2 5.8 1.2 2 2.5 2 2 5/7 
Table 9.1 Optimization of MgCl2 in relation to dNTP concentration. Table 9.1 shows the amounts of 
the different reagents used to optimized MgCl2.   
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B.4.4 Increase of Penta D Concentration  
When performing rapid PCR the smaller loci generally amplify more efficiently than the 
larger ones. This can result in allele dropout at higher amplicon sizes. To remedy the allelic 
dropout observed at the Penta D locus, a series of experiments were performed in which 
the concentration of the Penta D primers was increased to determine if this would lead to 
improved peak height of the alleles at this locus. The master mix used for these experiments 
was: 0.2 µL of 1 X OmniTaq, 5.8 µL primer mix (IDT), 1.2 µL of 10 X Taq buffer, 1.2 µL 
of 25 mM MgCl2, 1 µL of 1 X PEC-1, 1.25 µL of 2.5 mM each dNTP and 0.15 µL of 20 
mg/mL BSA. Final concentrations in the 10 µL reaction were: 0.2 X OmniTaq polymerase, 
primer mix (0.46 µM D5S818, 0.36 µM D13S317, 0.54 µM D7S820, 0.46 µM D16S539, 
0.36 µM CSF1PO, 1.11 µM Penta D and 0.54 µM Amelogenin), 1.2 X Taq buffer, 3 mM 
MgCl2 0.1 X PEC-1, 0.31 mM each dNTP and 0.3 mg/mL BSA. Amounts of extra 10 µM 
forward and reverse Penta D primer added were 0 µL, 1 µL and 2 µL which correspond to 
total concentrations of Penta D in the 10 µL reaction being: 1.11, 2.11 and 3.11 µM 
respectively (Figure 9.4A-C). The total PCR reaction volume per sample was 10 µL (8 µL 
master mix, 2 µL diluted to 10 % saliva). Cycling conditions was 35 cycles of denaturation 
at 98ᴼC for 3 s, and annealing/extension at 62ᴼC for 20 s. An extra 2 µL of Penta D was 
also tested under the following cycling conditions (Figure 9.4D) 32 cycles of denaturation 
at 98ᴼC for 5 s, followed annealing/extension at 62ᴼC for 24 s. 
B.4.5 Optimization of Cycling Conditions 
The cycling conditions used to optimize the total amplification time are shown in Table 
9.2. Table 9.2 contains the temperature and time at each step, the number of cycles, the 
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total amplification time and the number of 7 loci successfully amplified. Throughout the 
optimization process, the denaturing times, annealing times and cycle numbers were 
decreased both individually and in a variety of combinations in an effort to achieve the 
fastest and most robust amplifications. Cycling conditions were optimized based on 3 
parameters, total reaction time, peak height and peak balance. The cycling conditions 
yielding the best profiles can be seen in Figure 5. The master mix used for these 
experiments contained: 0.2 µL of 1 X OmniTaq, 5.8 µL primer mix (IDT), 1.2 µL of 10 
X Taq buffer, 1.2 µL of 25 mM MgCl2, 1 µL of 1 X PEC-1, 1.25 µL of 2.5 mM each 
dNTP and 0.15 µL of 20 mg/mL BSA and extra 1 µL of 10 µM Penta D forward and 
reverse primers. Final concentrations in the 10 µL reaction were: 0.2 X OmniTaq 
polymerase, primer mix (0.46 µM D5S818, 0.36 µM D13S317, 0.54 µM D7S820, 0.46 
µM D16S539, 0.36 µM CSF1PO, 2.11 µM Penta D and 0.54 µM Amelogenin), 1.2 X Taq 
buffer, 3 mM MgCl2 0.1 X PEC-1, 0.31 mM each dNTP and 0.3 mg/mL BSA. 2µL of 
diluted to 10 % saliva was added to 8 µL of this master mix while the cycling conditions 
varied according to Table 9.2.  
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Table 9.2 Optimization of cycling conditions 
Cycling 
condition 
Temp 
(0C) 
Time 
(s) 
Cycles Total time Number of loci 
amplified 
A 98 3 32 12’16” 4/7 
62 13 
B 
 
98 5 32 18’56” 7/7 
62 24 
C 98 3 35 17’23” 7/7 
62 20 
D 98 5 32 18’55” 7/7 
62 24 
E 98 4 32 18’39” 7/7 
62 24 
F 98 3 32 17’50” 7/7 
62 24 
G 98 2 32 17’29” 7/7 
62 24 
H 98 1 32 16’56” 7/7 
62 24 
I 98 2 35 16’36” 7/7 
62 20 
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Cycling 
condition 
Temp 
(0C) 
Time 
(s) 
Cycles Total time Number of loci 
amplified 
J 98 1 35 16’14” 7/7 
62 20 
K 98 3 35 15’58” 7/7 
62 18 
L 98 3 35 15’36” 7/7 
62 17 
M 98 1 32 17’21” 6/7 
62 25 
N 98 3 32 14’20” 7/7 
62 17 
O 98 1 33 18’00” 7/7 
62 25 
P 98 4 32 13’32” 7/7 
62 15 
Q 98 2 32 13’34” 7/7 
62 17 
R 98 3 31 13’41” 7/7 
62 17 
S 98 3 32 13’00” 7/7 
62 15 
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Cycling 
condition 
Temp 
(0C) 
Time 
(s) 
Cycles Total time Number of loci 
amplified 
T 98 2 32 13’16” 7/7 
62 16 
U 98 3 32 13’34” 7/7 
62 16 
V 98 3 32 13’37” 7/7 
61 16 
W 98 3 32 13’29” 7/7 
63 16 
X 98 3 31 12’45” 3/7 
62 15 
Y 98 3 30 12’24” 2/7 
62 15 
 
Table 9.2 Optimization of cycling conditions. This table shows the different times spent at the 
denaturing and annealing/elongation steps along with how many cycles these steps are repeated for, 
total time of amplification and how many of the 7 loci amplified successfully. Master mix: 0.2 X 
OmniTaq, primer mix (0.46 µM D5S818, 0.36 µM D13S317, 0.54 µM D7S820, 0.46 µM D16S539, 0.36 
µM CSF1PO, 2.11 µM Penta D and 0.54 µM Amelogenin), 1.2 X Taq buffer, 3.4 mM MgCl2, 0.31 mM 
each dNTPs, 0.3 mg/mL BSA and 0.1 X PEC-1. 2µL of diluted to 10 % saliva was added to 8 µL of this 
master mix to give a total volume of 10 µL per sample. 
 
B.5 Rapid Direct Amplification 
The final procedure (Figure 9.6) consisted of a master mix containing: 0.2 µL of 1 X 
OmniTaq, 5.8 µL primer mix (IDT), 1.2 µL of 10 X Taq buffer, 1.2 µL of 25 mM MgCl2, 
1 µL of 1 X PEC-1, 1.25 µL of 2.5 mM each dNTP and 0.15 µL of 20 mg/mL BSA and 
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extra 1 µL of 10 µM Penta D forward and reverse primers. Final concentrations in the 10 
µL reaction were: 0.2 X OmniTaq polymerase, primer mix (0.46 µM D5S818, 0.36 µM 
D13S317, 0.54 µM D7S820, 0.46 µM D16S539, 0.36 µM CSF1PO, 2.11 µM Penta D and 
0.54 µM Amelogenin), 1.2 X Taq buffer, 3 mM MgCl2 0.1 X PEC-1, 0.31 mM each dNTP 
and 0.3 mg/mL BSA. 2µL of diluted to 10 % saliva was added to 8 µL of this master mix, 
giving a total volume of 10 µL. Amplifications were performed on a Philisa thermocycler 
(Streck) at a total cycling time of 13.5 min.  Optimal conditions were 32 cycles of 98ºC for 
3 seconds followed by 62 ºC for 16 seconds. 
B.6. Separation, Detection and Analysis 
B.6.1 Applied Biosystems ABI 310 Capillary Electrophoresis Genotyper 
All PCR products were analysed using an ABI 310 (Applied Biosystems) by adding 1 µL 
of PCR product to a mixture of 12.5 µL HiDiTM Formamide (Applied Biosystems) and 
0.5 µL internal lane standard (ILS). The ILS used throughout this paper was LIZ 500 
(Applied Biosystems) which was labelled with the orange LIZ dye. This mix was then run 
on the ABI 310 using the following conditions: POP4 polymer, Capillary length to 
detector: 36 cm, module GS STR POP4 (1 mL), injection voltage 15 kV, injection time 5 
s, run time 28 min, run temperature 60ᴼC, run voltage 15 kV. Software used for Analysis 
was Genemapper. 
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C. Results and Discussion 
C.1 PCR Optimization 
C.1.1 Optimization of BSA Concentration 
The profiles resulting from changes to the BSA concentrations can be seen in Figure 9.1. 
 
 
Fig.9.1 Optimization of BSA concentration. BSA concentration was increased for each run starting at 
(A): 0 µL, (B): 1.5 mg/mL, (C): 2.5 mg/mL, (D):4 mg/mL, (E): 5.5 mg/mL and (F): 7 mg/mL. The 
master mix was made up of 0.86 X Z-Taq buffer, 0.18 mM each dNTP mix, primer mix (0.33 µM 
D5S818, 0.26 µM D13S317, 0.39 µM D7S820, 0.33 µM D16S539, 0.26 µM CSF1PO, 0.79 µM Penta D 
and 0.39 µM Amelogenin), 2.15 mM MgCl2 and 0.28 Units/ 10µL of Z-Taq polymerase. Total volume 
was 10 µL: 2 µL of diluted to 10 % saliva and 8 µL master mix. Cycling conditions were 35 cycles of 
denaturation at 98ᴼC for 3 s, followed annealing/extension at 62ᴼC for 12 s. 
 
As can be observed in Figure 9.1 increasing the addition of BSA results in a loss of peak 
height especially for the larger loci. Profiles D and E also show some non-specific 
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amplification at the D5 and D7 loci, while profile F shows allele dropout at D16. Profiles 
A and B from Figure 9.1 show the highest peak heights and best balance, so it was 
determined that between 0 and 0.75 µL (0-1.5 mg/mL) of BSA should be added per sample. 
C.1.2 Optimization of dNTPs with Omnitaq 
The switch of polymerase from Z-Taq to Omnitaq resulted in an improvement of peak 
height for all the loci of the multiplex.  
The next step in the optimization process was to determine what concentration of dNTPs 
would yield the highest peaks and the cleanest profiles. To do this the concentration of 
dNTPs was increased incrementally, Figure 9.2. 
 
 
Fig.9.2 Optimization of dNTP concentration. dNTP concentration was increased for each run starting 
at (A): 0.19 mM, (B): 0.25 mM, (C): 0.31mM, (D): 0.38mM, (E): 0.5mM. Total volume was 10 µL: 2 
µL of diluted to 10 % saliva and 8 µL master mix. 
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Figure 9.2. Shows increasing concentrations of dNTPs being added to the samples. Profiles 
C showed the highest peak heights and best balance so it was determined that 1.25 µL of 
2.5 mM each (total concentration in reaction 0.31 mM each) dNTPs should be added per 
sample.  
C.1.3 Optimization of MgCl2 
Due to the fact that MgCl2 interacts directly with dNTPs it is important to optimize its 
concentration for each of the concentrations of dNTPs determined by the previous 
experiments (C, D and E). The last column of the table 9.1 shows how many of the 7 loci 
were successfully amplified for each set of reagent concentrations. The best results were 
obtained using master mixes C1.4, D1 and E1.4 and can be seen in Figure 9.3A-C. 
 
  
 
Fig.9.3 Optimization of MgCl2 in relation to differing amounts of dNTPs. Figure 3 shows the best 
resulting profiles from the differing combinations of dNTPs and MgCl2: (A): C1.4: 0.31 mM dNTPs 
and 3.5 mM MgCl2, (B): D1: 0.37 mM dNTPs and 2.5 mM MgCl2 and (C): E1.4: 0.5 mM dNTPs and 
3.5mM MgCl2. 
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In all of the previous experiments only 5 of the 6 STR loci. CSF showed low peaks while 
Penta D had dropped out. All profiles showed dropout at the Penta D loci so optimization 
was deduced using the other 6 loci. By comparing these profiles, it was decided that the 
reagent concentrations C1.4: 1.25 µL dNTPs with 1.4 µL of MgCl2 with total 
concentrations in the 10 µL reaction being 0.31 mM dNTPs and 3.5 mM of MgCl2 were 
optimal. 
C.1.4 Increase of Penta D Concentration 
In order to remedy the problem observed in the previous experiment with dropout at the 
Penta D locus, the addition of extra Penta D primers was tested (Figure 9.4A-C) along with 
a combination of extra primer and extra time at the elongation step (Figure 9.4D).  
  
 
Fig.9.4 Optimization of Penta D concentration. Extra Penta D primers were added to try and increase 
the peak height of alleles at this locus. (A): 1.11 µM of each forward and reverse primers, (B): 2.11 
µM of each forward and reverse primers and (C): 3.11 µM of each forward and reverse primers.  
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Profile D in Figure 9.4 shows the effect of an additional 2 µL (total concentration in 
reaction 3.11 µM) of each forward and reverse primers with different cycling conditions 
(32 cycles of denaturation at 98ᴼC for 5 s, followed annealing/extension at 62ᴼC for 24 s). 
These parameters improved peak height but also increased total amplification time. Based 
on these profiles it was determined that an extra 1 µL (total concentration in reaction 2.11 
µM) per sample of each forward and reverse primers for Penta D should be added to the 
multiplex. 
The best results were obtained with 1 µL of extra Penta D primers added to the master mix 
which would give the total concentration in a 10 µL reaction to be 2.11 µM of both forward 
and reverse Penta D primers. Peak heights for the Penta D locus were also higher when an 
extra 4s was added to the extension time of the PCR cycles. 
C.1.5 Optimization of Cycling Conditions 
It was also important to optimize the cycling conditions in order to achieve profiles with 
the highest peak height while maintaining both an inter and intra locus balance and 
minimizing non-specific amplification and other artefacts.  These results had to be carefully 
balanced with the decrease in total amplification time in order to optimize peak height and 
balance in the fastest time.  
The best results were obtained using master mixes E, N, P, S, T and U and can be seen in 
Figure 9.5. These conditions resulted in the optimal peak heights for all loci obtained in 
the shortest amplification times. As total amplification time decreased, the peak height of 
the alleles also decreased. However, all loci were present for most of the cycling conditions 
until total amplification speed dropped below 13 minutes. The cycling conditions that 
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resulted in the profiles with highest peak height and best balance along with the fastest 
speeds are illustrated in Figure 9.5. 
  
 
Fig.9.5 Optimization of cycling conditions. Figure 9.5 shows profiles from a selection of cycling 
conditions that presented both fastest run times along with highest peak heights and balances. U 
shows overall the best compromise between peak height and quality and total amplification time. 
 
Conditions S (32 cycles of 98ᴼC for 3 s and 62ᴼC 15s) resulted in a total amplification 
time of 13 minutes. This was the fastest total amplification time, but these profiles showed 
adenylation at many loci and some elevated noise that could prove confusing for later data 
interpretation. Cycling conditions P, T and U all had a total amplification times of around 
13.5 minutes. Of these conditions P showed very slight increases in peak height but also 
in adenylation at the D13 and D16 loci. This may be due to the extra second spent at 
denaturation while annealing was one second shorter possibly preventing the polymerase 
from completing the adenylation. T also showed some minor adenylation and nonspecific 
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amplification at these locations as well as at the D7 locus, this is thought to be due to the 
polymerase not fully completing a chain in the annealing step before the next denaturing 
step begins. U was overall the cleanest of the three but had slightly lower peek heights 
than P, since the peaks were still clearly discernible from the noise it was decided that the 
decrease in height was acceptable in exchange for a cleaner profile overall. It was decided 
that the cycling conditions seen for conditions U were optimal.  
 
C.2 Rapid Direct Amplification 
 
 
Fig.9.6 Profile generated from dilutes saliva using optimized protocol. The top lane shows the 6 STR 
loci labelled with TAMRA dye, while the bottom lane shows the orange lane with the ILS Liz 500 and 
the Amelogenin locus labelled with Liz.  
 
Figure 9.6 shows the successful amplification of a sample of 10% diluted saliva in 13.5 
minutes. This 7 locus multiplex has a power of discrimination of 1 X 106 or greater, which 
is sufficient to identify a potential suspect, once identified a full laboratory analysis would 
be required using standard genotyping methods to confirm a match. 
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D. Conclusions 
In this chapter, we have demonstrated the rapid direct amplification of a 7 Loci multiplex 
in 13.5 minutes. This was achieved through the use of a high-speed thermocycler and a 
rapid and inhibitor resistant polymerase, along with a PCR enhancer cocktail. Optimization 
of cycling conditions, reagent concentrations and sample volume played a crucial role in 
the method development. Overall, this method provides a rapid and complete sample 
analysis with no need for DNA extraction, reducing the need for reagents and money spent 
on sample processing. This method only uses a small portion of the sample collected, 
leaving the remainder for conventional analysis if deemed appropriate and necessary at a 
later date.
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CHAPTER X. CONCLUSIONS AND FUTURE WORKS 
The overall goal of this project was to develop a rapid PCR method that could amplify both 
Y and autosomal multiplexes in the quickest possible time. These goals were achieved with 
the use of the Philisa rapid thermocycler combined with rapid polymerases Z-Taq and 
Omnitaq and the addition of BSA and PEC-1.  
A 4 locus Y-STR multiplex used for screening sexual assault samples for male DNA was 
amplified in less than 17 minutes by combining the Philisa rapid thermocycler with the use 
of the rapid Z-Taq polymerase and buffer. These samples could then be run on the Agilent 
microfluidic chip to produce full sample analysis in under 25 minutes. This method was 
proved to be an efficient way of detecting and profiling male DNA even in mixtures of 
female and male DNA to a ratio of 40:1. 
The MP7 multiplex designed by Maurice Aboud was successfully amplified in 6.5 minutes 
also using the Philisa thermocycler and Z-Taq polymerase and buffer. This multiplex which 
contains a subset of the expanded CODIS loci can act as a screening tool for samples in a 
variety of situations when analysis needs to occur quickly. The multiplex itself has a power 
of discrimination of over 1 X 106, while the method developed only requires a small portion 
of the sample leaving the rest for downstream analysis if required. This method coupled to 
the microfluidic chip method of separation detection would allow for full sample analysis 
to occur in under 15 minutes. This system was validated with a small test population of 30 
volunteers and was shown to be sensitive down to 2 ng of input DNA. 
A rapid direct method was also developed for the MP7 multiplex where saliva was added 
directly to the PCR reaction thus eliminating an extraction step and further reducing 
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analysis time. For this rapid direct method amplification was achieved in under 13.5 
minutes with the only sample prep being a dilution of the saliva collected to 10% in water.  
These methods could easily be implemented in the field as they require minimal equipment, 
reagents and sample handling, while providing robust and reproducible results with a good 
power of discrimination. Their use could be invaluable to produce fast results on site at 
crime scenes, police stations, airport security controls and scenes of mass disaster and 
terrorist attack. 
In the future new thermocyclers will be manufactured that permit even faster amplification 
times by speeding up the heating and cooling ramp rates or by a completely new design of 
thermocycling. New and improved polymerases are continuously being created and 
investigated both in regard to their processivity speeds and their resistance to inhibitors. 
As these polymerases progress it will be easier and quicker to produce DNA profiles 
straight from biological samples. Future work will focus on finding new polymerase and 
optimizing the PCR for their use with a variety of body fluids such as blood. Rapid 
extraction methods should also be investigated such as short bursts of microwave heat to 
help lyse the cell and release the DNA.  It is the authors opinion that a for further reduction 
of amplification time and separation time a multiplex could be designed to be run on a six 
(or more) dye system where one or two loci are observed in each colour channel. These 
loci would be selected based on their small size and mini primers designed to reduce the 
size of the DNA fragments produced. Due to the small size of the DNA fragments they 
will amplify much faster and as there will be only one or two of these loci per dye lane 
then run times on conventional CE instruments can be reduced considerable. Another area 
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of focus will be the development and validation of a rapid separation and detection system 
similar to the microfluidic chip used in this research. With the modern technological 
advances instrumentation is always being updated and this will hold true for our current 
methods of electrophoresis. It may be that soon we will see less capillary electrophoresis 
and completely switch to whole genome sequencing. 
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